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PREFACE

In just the past few years the use of the hydraulic fracturing technique
for making in-situ stress measurements has become widespread around the
world. 1In convening the Workshop on Hydraulic Fracturing Stress Measurements,
it was our aim to bring together active investigators to comprehensively
discuss their experiences with the method. The workshop was held in December,
1981 in Monterey, California and attended by forty investigators from eight
counties.

The workshop proved to be a successful forum for discussion of case
histories, data interpretation techniques, technological advances, and overall
progress and prohlems with the method. A high point of the workshop was the
good comparison demonstrated in many cases between hydraulic fracturing stress
measurements and other methods. Hydraulic fracture orientations at the
wellbore seem to agree quite well with the Sy direction implied by geologic
data, earthquake focal mechanisms, and strain relief methods used at depth.
Moreover, several investigators reported that very similar stress magnitudes
were determined with hvdraulic fracturing and overcoring methods at several
locales.

In determining the maximum horizontal principal stress, Sy, several
investigators reported success in using fracture reopening pressures rather
than breakdown pressures. Although it is not always feasible to use the
fracture reopening method, and errors could be introduced if significant fluid
penetration into a fracture occurs before it reopens, the groups using the
method reported internallv consistent results and they were able to derive
values of tensile strength that agreed well with lahoratory values.

The most straightforward determination that can be made from hydraulic
fracturing is that of the minimum horizontal principal stress, S}. The
shut-in pressure is customarily used as a measure of Sy, and these
measurements are usually found to be quite consistent and reliable. At
shallow depth, where the least principal stress is often vertical, it is
sometimes possible to determine both Sy and the vertical stress, Sy,
because the hydraulic fracture "rolls-over” into a horizontal plane as it
propagates. Several investigators reported that in some cases the shut—in
pressure slightly decreases as the fracture propagates and it was generally
agreed that the minimum shut-in pressure should be used as a measure of Sy
as long as the fracture did not "roll-over,” intersect a pre—existing
fracture, or breakout around the packers. A few investigators pointed out
that picking accurate shut-in pressures is sometimes difficult and several
semi-log plotting techniques were proposed for increasing the accuracy of the
shut-in pressure determination. It was also proposed that pumping at very low
pumping rates and using the pumping pressure rather than the shut—-in pressure
is a good way to determine Sy if shut-in pressures are not distinct.

iv



We believe that the papers included in this report give the reader a
nearly comprehensive overview of the current research related to hydraulic
fracturing stress measurements., However, because of the rapidly expanding use
of the method, it was clearly recognized that the state-of-the-art is still
evolving. It was frequently suggested that workshops of this type should be
held every few vears,

We would 1like to thank William F, Brace, Charles Fairhurst, D. Ian Gough,
and Fritz Rummel for serving as session chairpersons. The meeting was
convened under the auspices of the U.S. Geological Survey and the
U.S. National Committee for Rock Mechanics. These reports will later appear
as a special publication of the USNC/RM. We would like to thank Jessie Reeves
and Barbara Charronat for their help in planning the excellent accommodations
for the meeting.

Mark D. Zoback

Bezalel C. Haimson
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TOPIC I

HYDRAULIC FRACTURING CASE HISTORIES AND

INTERPRETATION TECHNIQUES

MODERATOR - F. RUMMEL



Hydraulic Fracturing Stress Measurements along the Eastern Boundary
of the SW-German Block

F. Rummel, J. Baumgartner, H.J. Alheid*

Institute of Geophysics
Ruhr-University
4630 Bochum, FRG

now at: Bundesanstalt flr Geowissenschaften und Rohstoffe, Hannover, FRG

Abstract

During the last decade more than 50 in situ stress measurements have
been carried out in Central Europe by various researchers in Austria,
France, Italy, Switzerland and the Federal Republic of Germany.
Various stress measuring techniques have been applied. A Tist of re-
ferences and locations of all those measurements is presented.

Among these measurements are about 100 new hydraulic fracturing experi-
ments conducted in 19 boreholes at 15 locations situated along the
eastern boundary of the SW-German block. The depth of the measurements
ranges from about 40 to 450 m. The experiments were carried out with

a new wireline straddle packer system, which allows experiments in
boreholes to a maximum depth of about 1000 m. Technical details of this
system as well as the interpretation method used to derive crustal
stresses are described. For two locations, a deep borehole into sedi-
ments as well as a granite test site, the measurements are presented
with full details including hydraulic fracturing pressure plots and
stress data. All other stress data are summarized to obtain a general
stress-depth relation for the specific area around the eastern boun-
dary of the SW-German block. If the averaging method over such a large
area as well as an extrapolation to greater depth is acceptable, the
stress data would explain the present tectonic stability of this area
compared to the western block boundary.



1. Introduction

The SW-German block is considered as a major tectonic block unit in
Central Europe. Its southern boundary is given by the main thrust fault
of the Northern Alps, the western boundary consists of the Upper Rhine
graben structure and its northern continuation in the Hessian graben,
and the eastern boundary is formed by the NW-SE oriented Franconian
Tine and the Donau fault which separate the block from the outcropping
crystalline basement of the Bohemian and Thuringian massifs (Fig. 1).

Zﬁ?\‘ 5
\__’//\_"}\0'

RrRnenish

SW-German
Block

Gallic /
Block A

Alps
ura

Fig. 1: Tectonic units in Central Europe and major horizontal stress
direction derived from earthquake data.

Seismo-tectonic active are mainly regions within the SW corner of the
block (Swabian Alb and Hohenzollern Graben) and the Rhine graben system.
Latter consists of the Upper Rhine Valley in the South, and curves to

NW intersecting the Hercynian block of the Rhenish massif and following
the Lower Rhine embayment in the north. Earthquake fault plane solutions
for this regions indicate an approximately NNW-SSE direction of horizon-
tal compression (Ahorner 1975, Bonjer 1979), which explains sinistral
shear motion in the Upper Rhine graben parallel to the graben axis and
the extensional tectonic features in the Rhenish massif as well as
present rifting in the Lower Rhine embayment (I1lies and Greiner, 1979).
In comparison, the eastern boundary of the block is tectonically inac-
tive if we neglect the seismic activity further to the south in NE-Italy
and northern Yugoslavia.



To obtain further information on the presently active tectonic stress
field in and around the SW-German block, numerous direct in-situ stress
measurements have been conducted during the last decade. The geographi-
cal distribution of the relevant test sites are shown in Fig. 2, re-
ferences are given in Table 1. Most of the test sites are located along
the western block boundary. In most cases, the stress data are derived
from shallow overcoring doorstopper measurements, some from flat jack
measurements at the surface, the rest from hydraulic fracturing experi-
ments in deep boreholes. Although the scatter is considerable the data
indicate a N-S trend of the direction of maximum horizontal compres-
sion in Central Europe.

Here, we only focus on the results of hydraulic fracturing stress mea-
surements in 19 deep boreholes which are distributed in the eastern
part, along the eastern boundary and north of the SW-German block. The
measurements reach to a maximum depth of about 450 m allowing to specu-
late on the stress-depth relation*. In addition, we present specific
technical details of the hydrofrac system used as well as information
on pressure-data interpretation to derive principal stresses.

2. The Bochum Hydrofrac Stress Measuring Technique

2.1 Hydrofrac System

Starting in 1973 with hydraulic fracturing stress measurements in Ger-
many in shallow boreholes (Rummel and Jung, 1975), successively a new
wireline hydrofrac stress measuring system has been developed at the
Ruhr-University Bochum. The system at present permits to carry out
measurements in boreholes to a maximum depth of about 1000 m by univer-
sity staff, only. The system is easily portable with a mini-truck. No
drilling equipment such as drilling rods or a drill-tower are necces-
sary. A similar system is used for tests in dry boreholes in deep mines.
It was tested in a 3000 m deep Indian gold mine, where packer pressures
up to 1 kb were needed for hydraulic insulation of the injection inter-
val during breakdown operations.

A schematic view of the deep hydrofrac system is shown in Fig. 3.

It consists of the double straddle-packer, a heavy tripot, a motor-
driven winch mounted on a 1-ton trailer, a 7-conductor logging cable
and a high pressure steel reinforced rubber hose, an air-driven hydrau-
Tic high pressure pump and the pressure monitoring unit. A suitable _
air-compressor to activate the hydraulic pump (capacity 3 to 5 m® min )
usually 1is rented on-site.

The results from underground hydrofrac measurements carried out in
two deep mines (800 m) NE of the block are presently neglected, since
they seem to be considerably affected by the mine structure (Rummel
and Heuser 1981, Rummel 1981).
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The straddle-packer consists of two 1 m long nylon reinforced rubber
packers (Schmidt-Kranz Company, 3421 Zorge/FRG), which shorten about

10 percent axially at 20 percent radial extension under unconfined con-
ditions, and the injection unit between. It is in most of our applica-
tions about 70 cm long and contains the injection pipe and the packer
pressure transmission line. Schematic cross-sections of the tool are
given in Fig. 4, both for packer pressurization and injection into the
frac-interval. The unit is based on a unitized construction principle
which allows fast assembly as well as the use of different size packers,
presently for boreholes with diameters of 76 to 80, 95 to 100 and 118
to 125 mm.

Generally, only one pressure line is used in the borehole. To switch

from packer pressurization to injection of the frac interval and vice
versa, a push-pull valve on top of the straddle packer tool is activa-
ted by releasing or applying tension to the borehole cable. Schematic
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cross-sections of the valve are given in Fig. 5 which demonstrate both
injection positions. To permit deflation of the packers after the test
in partly dry boreholes, a pressure release valve is mounted on top of
the push-pull valve in the packer pressure line. It closes during high
pumping rate packer inflation and opens as soon as an adjustable mini-
mum packer pressure after venting the packer line on the surface is
reached. A schematic cross-sectional view of the release valve is pre-
sented in Fig. 6 both, during packer inflation and deflation.

packer

L

from pump

packer o 4
90° disglaced displaced

N

packer x packer displaced

90° displaced

Fig. 4: Double straddle packer unit, system Ruhr University Bochum.
a) fluid flow for packer pressurization
b) fluid flow for injection into the test interval.

pressure -
transducer

to

from pump



The pressure is measured down-hole by a integrated amplifier fluid-
pressure gauge (Burster Precision Technique, Typ 821.8), which is lo-
cated within the cable head on top of the push-pull valve (Fig. 7).

pressure

compensation g%\\g =

interval

release ———

opening

POSITION 1: PACKER

transducer

N\

to pressure- ; from pump

( f—- to release valve
_.?7723733 ,i gaf;¥¥j7”’ spring

| to packer

POSITION 2: INTERVAL

to pressure-
transducer

lrfrom pump

| spring

— to interval

Fig. 5: Push-pull valve at the top of the straddle packer for both packer

pressurization (a) and injection (b).

The 12 mm 0.D/8 mm I.D. high pressure hose (Argus, Typ 1st) is connected
to the 7-conductor borehole cable (9.5 mm 0.D, USS Amergraph No. 7-H-37-
SB, strength 5.7 tons) at intervals of about 25 m in order to avoid too
much tension in the hose by its own weight.

Pressurization is achieved by a double-acting air-pressure-driven hy-
draulic pump with a maximum pressure of 1 kb and,a pumping rate of

5 1-min~ ' at an air-pressure supply of 5 m®.min~' (Schmidt and Kranz
Company, type HD-GW 100). The fluid injection rate is measured on sur-
face by a flow meter (0 to 2 GPM, 3500 psi, model TMRA, Euromatic Ma-
chine and 0i1 Comp., London, U.K.).

Pressure and flow rate data are monitored on a strip-chart recorder
(paper speed 20 mm-min~1) and stored on tape (Teac RG 1 tape recorder).

Frac-orientations are obtained using an impression packer (same packer
as described above, Fig. 8)in connection with a magnetic single shot
unit. In general, the impression packer is pressurized with 100 to 200
bars over a period of 30 to 60 minutes.
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Fig. 6: Pressure release valve for deflation of packers in ‘'dry'’

boreholes.
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waterproof .
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7 electrical wires i q valve

N S %
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water pressure

Fig. 7: Cable head including the fluid pressure transducer with
amplifier,
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2.2 Testing Procedure

As far as possible intact borehole sections without macroscopic joints
are selected as test intervals by core inspection and analysis of
available logging data. Packers are set to a pressure of 100 to 250
bars depending on depth and wall rock quality. Then, to examine the
test interval for open joints, the interval pressure is increased by

10 to 30 bars instantaneously. The following pressure drop is observed
for about 5 minutes, which allows to estimate the rock mass 'permeabi-
T1ity' in the test interval.

The fracturing operation starts after the pore pressure has reached

its original value, with maximum pumping rate. Immediately after frac
generation (break-down) fluid injection is interupted (shut-in) and

the pressure decrease is observed. After venting the interval, the frac
is extended during several refrac tests at maximum pumping rate. In
general, a total water volume of about 10 to 20 liters is injected.
Injected volumes and back flow after venting are carefully monitored.
Finally, the interval pressure is increased either at constant pressuri-
zation rate (p = constant) and observing the flow rate g, or at constant
intermediate flow rate (q = const.) and observing the pressure increase,
or step-wise in 10 bar intervals and observing the pressure drop (per-
meability test). Either of these tests may yield a good additional
measure for the shut-in pressure equivalent to the normal stress acting
across the frac-plane.

2.3 Data Analysis

In general, principal stresses in this study are derived from hydraulic
fracturing pressure data using the classical concept first suggested

by Hubbert and Willis (1957). The tensile strength T in the standard
equation is assumed to be equivalent to the in-situ hydraulic fractu-
ring tensile strength, which is given by the difference between the
breakdown pressure and the final refrac pressure to re-open the induced
fracture, P. - PR. In sediments the pore pressure Py is assumed to
correspond to the pressure given by the natural water column in the
borehole (Pg = 0.1 * (z - z4); Pg in bars, z, zg in m). In crystalline
rock (eclogite, granite) the pore pressure in the rock at depth is
neglected. Otherwise pressure data interpretation leads to erroneous
and unmeaningful results. In all cases, the overburden pressure is ta-
ken as the principal vertical stress, S, = pgz. At shallow depths

(z < 50 m) fracture propagation generale occurred horizontally, al-
though in most cases vertical fractures were induced, so that two shut-
in pressure values could be used to calculate the horizontal stresses
as well as to check the overburden stress (first suggested by Rummel
and Jung, 1975).

In cases, where pre-existing vertical joints not aligned with the major
horizontal principal stress Sy were re-opened, the principal horizontal
stresses were estimated following a suggestion by Cornet (1979):

P = (SH + Sh) - 2(5H - Sh) cos 2(90 - 8) .
Pes = 1/2(S + ;) = 1/2(Sy, - ;) cos 2(8 - 8)
(90 - 8) is the angle between the direction of SH and the frac plane,

12



and Sp is the minor horizontal stress. The three unknowns Sy, S;, and
the direction of Sy may be estimated if joints of different azimuths
can be tested.

If laboratory fracture mechanical data on rock cores were available

a fracture mechanics approach was used for in-situ pressure data inter-
pretation. A first quantitative simple application is given by Rummel
and Winter (1982), which yields the following relation for the exten-
sion of vertical fractures:

o LIE s s g (2)
*

C h fR H h

Here, Ki. is the fracture toughness of the rock derived from laboratory
studies, R is the borehole radius and h*, f* and g* are dimensionless
functions only depending on the normalized fracture length a/R. They
are given in Fig. 8 assuming that the fluid pressure is constant within
the fracture and is equal to the pressure in the injection interval.
Then, for zero external stresses the term

K1¢
T = (3)

h* VR
corresponds to the hydraulic fracturing tensile strength. Thus, the
major principal horizontal stress Sy is given by the relation

S, = -1 (p + I s (4)
H™ % R " h* °h

assuming Sy, to correspond to the shut-in pressure. The appropriate
values for h*, g* and f* can be estimated from the observed in-situ
strength data and fracture mechanics tests on the core material (frac-
ture toughness and laboratory hydrofrac data from mini-cores tested
undeg various confining pressures (for details see Rummel and Winter,
1982).

A-

Fig. 8: Dimensionless functions f*, g* and h* for a fracture mechanics
analysis of hydraulic fracture propagation (see eq. (2),(3),(4).
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3. Stress Field at the Eastern Boundary of the SW-German Block

Since 1978 more than 100 successful hydraulic fracturing experiments
have been carried out in 19 boreholes located in the eastern part of
the SW-German block, on its eastern boundary and north of the block
(No. 2, 3, 4, 5, 6, 11, 13, 15, 23, 24, 25, 26, 29-31, in Fig. 2 and
Table 1). Most of the locations are distributed along a NS profil of
about 200 km from Hannover in the north to Wirzburg in the south. The
depths of the boreholes range from about 100 m to about 800 m. The
boreholes intersect mesozoic and paleozoic sediments (cretaceous lime-
stones, triassic and permian sandstones and siltstones), except the
boreholes WeiBenstein (No. 24) and Falkenberg (No. 29-31) in the east,
which are drilled into an eclogite body and into granite. The depths
of the test intervals range from about 40 m to a maximum depth of about
450 m.

As representative examples, in the following the details of measure-
ments at only two locations are presented. A complete summary of all
hydrofrac stress measurements is given elsewhere (Rummel et al., 1982).

3.1 Stress Measurements Spessart I

The borehole Spessart I (No. 23 in Table 1) is located on the northern
boundary of the Spessart mountains. Drilling was terminated at a depth
of 607 m. The upper part of 348 m was cased. The open-hole section had
a borehole diameter of 96 mm. Due to borehole collapse at about 450 m,
fracturing experiments were only possible within the depth-interval
from 350 to 450 m. At this depth the borehole intersects fairly intact
and uniform permian sandstones and siltstones (Zechsteinformation).
The natural water level was at 135 m below surface.

Within this interval 7 fracs were induced. Breakdown pressures ranged
between 131 and 191 bars, the final refrac pressures between 93 and 108
bars, indicating an in-situ hydrofrac tensile strength T = P. - Pp
between 38 and 97 bars (Table 2). The shut-in pressures were almost
constant at about 90 bars (79 to 93 bars). Typical pressure-time plots
from two experiments are given in Fig. 9. They indicate extremely low
permeability of the wall rock in the test interval prior to fracturing
(P-test), a sharp pressure drop after breakdown and immediate shut-in
(F-test), as well as distinct shut-in pressures after repeated pumping.
After venting the test interval, the pressure immediately increases
again if venting is interrupted, due to fluid back-flow from the in-
duced fracture. Generally, 80 percent of the injected water was re-
covered. The final test with slow constant pumping rate clearly de-
monstrates the critical pressure to reopen the frac and to keep it
open against the acting normal stress across the frac plane.

The evaluation of the pressure data yields average horizontal princi-
pal stresses of Sy = 125 bar and S, = 84 bar, compared to an assumed _
vertical stress 0¢ Sy = 104 bar at a mean depth of 425 m (p = 2.5 g-cm °).
The stress data are given in Table 2 and in Fig. 10. According to the
frac orientation obtained from the impression packer measurements,
maximum horizontal compression (Sy) is acting N 156° (Fig. 11, Table 2).
This average value does not inc]uge the azimuth of a vertical fracture
oriented N 31° E, which was observed during test No. 1 at a depth of
370.6 m. The relatively low breakdown pressure value (P. = 149 bar)

and the relatively high shut-in pressure (Pg; = 93 bar) suggest that
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. 5 (427.2 m) a plane of weakness (bedding plane/
and a dip angle of 68° was opened.

-existent closed vertical joint was reopened. Simi-
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3.2 Stress Measurements in the Falkenberg Granite Massif, NE Bavaria

In the Falkenberg Granite massif, NE Bavaria, hydraulic fracturing
experiments were carried out in 5 boreholes to a depth of 300 m. Three
of the boreholes (No. 29 in Table 1) were drilled for a hot-dry-rock
geothermal experiment on one test site, two additional older drill
holes (No. 30 and 31 in Table 1) were available from uranium ore
prospection. The diameters of the fully core-drilled boreholes were
76, 96 and 132 mm, respectively. From the core material, geophysical
logs and televiewer inspection full information was available on the
existing joint pattern. To a depth of 150 m horizontal joints dominate
due to stress relief by isostatic uplift and subsequent erosion. The
vertical joints at greater depth belong to 4 joint systems, which also
can be observed in numerous surface outcrops over the entire region.
The rock itself is a coarse-grained granite with large potassium feld-
spar phenocrysts predominantly oriented horizontally within a medium-
grained groundmass of quartz, plagioclas and mica. In the two ore
prospection boreholes the granite is partly altered.

Totally 27 frac experiments were conducted. Three typical pressure-
time plots are presented in Fig. 12. They demonstrate a distinct break-
down, but at low pumping rates (Fig. 12 a, b) only poorly defined
shut-in pressures. In comparison, the shut-in pressure at a high pum-
ping rate (190 Titers per minute) is clearly defined (Fig. 12 ¢). This
result is in perfect agreement to other tests performed in crystalline
rocks (e.g. WeiBenstein, Minchberger Gneiss mass, No. 24 in Table 1).

A Tist of the pressure data observed is given in Table 3. Generally,
the breakdown occurs at pressures between 110 and 160 bars. The excep-
tionally high breakdown pressure of 203 bars in test 16 certainly is
due to the high pumping rate of 190 liters per minute (Jung, 1980).

The refrac pressures vary between 50 and 120 bars yielding a hydraulic
fracturing in-situ tensile strength between 60 and 80 bars. Lower ten-
sile strength data indicate the existence of latent joints which could
not be detected by televiewer observation or from core inspection.
Shut-in pressures in average ranged from 40 to 50 bars with only Tittle
increase with depth. As mentioned above they were usually poorly de-
fined. Pressure data in the two ore prospection boreholes were general-
ly slightly less due to the alteration of the granite. Particularly,
this is true for the breakdown pressure and refrac pressure data.

For the estimation of the principal stress field data the pore pres-
sure in the granite is neglected. Assuming the pore pressure to be
equivalent to the pressure of the water column above depth, as done
for boreholes in sediments, leads to unmeaningful results. A similar
result is obtained for other tests in crystalline rocks (e.g. borehole
Nr. 24, Table 1). The principal stress data are summarized in Table 4
and presented graphically in Fig. 13. ghe data indicate that the cal-
culated vertical stress (g = 2.65 g-cm is the least principal stress
to a depth of about 150 m. Th1s result would explain the preferred
existence of horizontal stress relief joints at shallow depth above
150 m. At greater depth the minor principal horizontal stresses syste-
matically are below the overburden stress, while the major horizontal
principal stresses generally are above the vertical stress. At a depth
of 300 m the major horizontal principal stress is nearly equal to the
vertical stress.
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Most of the induced fractures initiated as vertical fractures in
average oriented N 115° (Fig. 14). Deviations from this average orien-
tation are considered in the stress estimation using the formulae sug-
gested by Cornet (1979). A detailed analysis is given by Rummel and
Alheid (1979). This average frac orientation corresponds to orienta-
tion of the induced macro-frac in borehole HB4a (Test No. 16 in Table
3, 253.5 m), which was located by acoustic emissions during frac exten-
sion (Leydecker, 1981) and confirmed by intersecting the frac-plane

by drilling and subsequent fluid circulation experiments (Jung 1980).
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Table 3: Pressure data during hydraulic fracturing tests in boreholes
in the Falkenberg Granit massif (No. NB1, NB3 and HB4 corres-
pond to No, 29, No. LII 16 and LV 17 correspond to No. 30 and
31 in Table 1).

No. Depth p p P .
m bar bar ‘bar

Falkenberg NB 1

1 80.6 118 51 46
2 119.6 132 63 58
3 160.6 146 87 44
4 165.6 141 74 47
5 225.0 110 108 46
6 255.3 154 76 41
7 279.0 163 82 44
Falkenberg NB3
8 150.2 136 78 40
9 175.2 146 85 44
10 198.0 163 95 54
1" 210.2 137 76 42
12 230.0 158 92 53
13 242.9 159 84 49
14 262.2 122 63 46
15 282.7 134 96 71
Falkenberg HB4a
16 253.5 203 115 46
Lengenfeld LII 16
17 104.5 83 50.7 34
18 106.5 94 50 32
19 110.4 134 53.5 35
20 115.3 153 47 47
Lengenfeld LV 17
21 122.0 118 56 45
22 126.6 104 63 37
23 136.3 117.5 93 46
24 147.2 155 38 32
25 149.7 141 45 37
26 152.6 149.5 1407 -
27 156.0 85 77 49




Table 4: Principal stresses S, S, and S, (o = 2.65 g-cm-3) in-situ

tensile strength T, and strike (8) and dip angle (a) of the

induced fracs.

Q o
No. Depth SV SH Sh T 8 a
m bar bar bar bar

Falkenberg NB1

1 80.6 21 46 - 67 33 90
2 119.6 31 60 - 69 35 90
3 160.6 42 457 447 59 160 90
4 165.6 43 677 477 84 75 90
5 225.0 58.5 - 46 2! 86 90
6 255.3 66.5 47 41 78 110 90
7 279.0 72.5 50 44 81 116 90
Falkenberg NE3

8 150.2 39 42 40 58 112 90
9 175.2 46.5 47 44 61 97 82
10 198.0 51.5 677 547 68 75 90
" 210.2 54.5 50 42 61 83 81
12 230.0 60 67 53 66 114 90
13 242.9 63 637 497 75 72 90
14 262.2 68 75 46 59 116 90
15 287.7 75 - 717 38! 85 83
Falkenberg HB4a

16 253.5 66 - 46 - 107 90
Lengenfeld LII 16

17 104.5 27 51. 34 32.5 161 79
18 106.5 27.5 46 32 ~44 122 82
19 110.4 28.5 51. 35 80.5 72 89
20 115.3 30 47 - 106 47 85
Lengenfeld LV 17
21 122.0 31.5 45 - 62 - -
22 126.6 33 48 37 41 93 72
23 136.3 35.5 46 - 24! - -
24 147.2 38 58 32 117 105 47
25 149.7 39 60. 37 96 163 42
26 152.6 39.5 - - 9.5! 110 65
27 156.0 40.5 49 - 8! 3 69
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3.3 Horizontal Stresses as a Function of Depth

Although the borehole Tocations are distributed over a large geographi-
cal area with different geological units, and the fracturing experi-
ments were carried out in various rock formations, an attempt is made
to derive a general depth relation for the active stress field at the
eastern boundary of the SW-German block. For this purpose all hori-
zontal principal stress date so far measured in 19 boreholes are plot-
ted versus depth. The results are presented in Fig. 15, 16, 17 and 18.

If we only neglect the stress values obtained in borehole Spessart III
(No. 26, borehole was located on the steep slope towards the Main river
valley) the minor horizontal stresses S, (Fig. 15) follow an approxi-
mately linear depth relation of the form

dSh
Sh *Sho Y@t 2 (5)
with S, = 9 bars at the surface and a gradient of 0.21 bar - m .

The correlation coefficient for this relation is k = 0.9. This indi-
cates that Sy is slightly greater than the vertical stress at shallow
depth and becomes the least principal stress at a depth of about 200 m.
This general result agrees perfectly with the results obtained for any
single location where continuous data over the total depth range exist,
such as in the Falkenberg case.

The values of the major principal stresses Sy (Fig. 16) generally
show a considerable scatter, however, in most cases Sy is above the
corresponding value of the vertical stress Sy. Again neglecting the
Spessart III data and assuming a linear depth relation we obtain the
equation

dSH
H™ % *dz - 2 (6)
with Sy, = 8 bars at the surface and a gradient of 0.34 bar - o
The correlation coefficient is 0.7.

S

Thus, for transcurrent vertical faults oriented with an angle B8 with
respect to the major principal stress Sy, for a depth greater than
200 m the active normal and shear stresses may be estimated by the
relations

og=9+ (0.275 + 0.065 - cos 2B8) * z (7)
/t/ = 0.065 « z - sin 28 (8)

Together with an appropriate instability criterium (e.g. friction)
for strike-slip faulting along a favourably oriented fault plane

(B = 65°, p = 0.85, p static friction coefficient) this result would
explain the absence of recent tectonic activity in this region, if we
assume a natural pore pressure gradient of about 0.1 ° z (pressure
in bar, z in m). It is recognized that the extrapolation of the re-
sults to greater depths as well as the averaging process applied may
be questionable until more data from greater depth are available.
However, a similar treatment of stress data has been successfully
applied to other crustal plates such as the Canadian shield or South
Africa (McGarr and Gay, 1978; Rummel, 1978).
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Finally, we consider the distribution of the direction of maximum
horizontal compression as derived from the frac orientations in 19
boreholes under consideration of the pressure data. As shown in Fig.
17 the scatter of the frac orientations is significant, particularly
at shallow crustal depths. However, if Cornet's suggestion (eq. (1))
is applied the observed frac orientations lead to a rather consistent
stress field orientation (Fig. 18). The data demonstrate that the
orientation of maximum horizontal compression is about N 150° for all
Tocations within the SW German block, and is N 110° to N 120° for lo-
cations situated on its eastern boundary or in the north. The first
value is in good agreement with the stress orientation derived from
overcoring stress measurements in the western part of the block (I1-
lies and Greiner, 1979; Baumann, 1981) as well as with the result of
a first hydrofrac experiment in the Hohenzollern graben, SW Germany
(Rummel and Jung, 1975) and with seismic data from the tectonically
active western block boundary. The same orientation was obtained from
flat-jack stress measurements in the eastern part of the Gallic block
(Froidevaux et al., 1980) suggesting the existence of a large regional
homogeneous stress field in Central and Western Europe, which originates
from active plate tectonics in the Alps. In contrast, the slight change
in the orientation of the stress field at the eastern boundary of the
SW-German block could be explained by alpine orogenetic tectonics 1in
the Karpathian region.
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Appendi x

Summary of hydrofrac stress data

A1l stress data are stored in a central data bank at the Ruhr-University,
including all data from references given in Table 1. Computer print-
outs as well as plots can be ordered.

Numbers of locations in the following table correspond to numbers given
in Table 1. Borehole signatures correspond to computer data files.
Azimut angles are only given for vertical fractures as obtained from
impression packer tests, including pre-existing vertical joints. Re-
sults from tests on horizontal or significantly inclined fractures

are not included.
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IN SITU STRESS MEASUREMENTS BY MEANS OF
THE HYDRAULIC FRACTURING TECHNIQUE

IN THE KANTO-TOKAI AREA, JAPAN

Hiroaki TSUKAHARA

National Reseach Center for Disaster Prevention

Tennodail, Sakuramura, Niiharigun,
Ibarakiken 305, Japan

Abstract

In situ stresses were obtained by the hydraulic fracturing technique
in the Kanto-Tokai area, which has been designated an "area of intensified
observation" by the Coordinating Committee for Earthquake Prediction in
Japan. From a plate tectonics perspective, this area is one of complex
interactive motion between the Pacific, Philippine Sea, and Eurasian
plates. Eight wells (two 100 m deep and six 450 m deep) were drilled for
stress measurements. About 60 hydrofracturing tests in total were conducted
in these wells.

The results about the magnitude of stress show that (1) both the
minimum and maximum horizontal compressive stresses increase steadily with
depth, (2) at each site the minimum horizontal stresses are greater than
vertical stresses (calculated from density) at every depth, (3) the
differential stress between the maximum horizontal stress and the vertical
stress varies widely from site to site (from 4 to 10 MPa at 400 m depth),
(4) the difference between the minimum horizontal stress and the vertical
stress is typically rather small (< 2.5 MPa at 400 m depth), (5) the
gradient of the minimum stress increase with depth is closely equal to
that of vertical stress increase with depth (except for one site), and (6)
two sites, Okabe and Nishiizu, located on either side of the Suruga trough
have relatively high differential stresses, approximately 10 MPa. The
phenomenon of (6) may be related to the high potential of crustal activity
around the Suruga trough, where the rupture zone of an impending great
Tokai earthquake is presumed to be.
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Distribution of directions of the maximum compressive stress in the
area is summarized by using results from various methods; in situ stress
measurements by the hydrofracturing technique and the overcoring method,
focal mechanisms of shallow earthquakes, geological survey of active
faults, Quaternary cinder cone alignments, and Quaternary dike trends.

The different types of data are mostly consistent with each other.
Distribution of these stress directions indicates that the Kanto-Tokai
area could be divided into some "stress provinces" where stress directions
appear almost uniform. Stress directions in most of the stress provinces
are well explained in terms of interactive motion of the three plates.

The maximum compressive stress direction in the northern part of the Kanto
district is ENE-WSW, which is attributed to the interaction of the Eura-
sian plate and the Pacific plate. The stress direction in the southern
part of the Kanto district and the west-side of Suruga bay (southeastern
part of the Tokai district) is NW-SE, which is mainly ruled by interaction
of the Eurasian plate and the Philippine Sea plate. The direction in the
east-side of Suruga bay, that is, the western part of the Izu Peninsula,
is N-S, which is explained by downward bending of the Philippine Sea
prlate.

The maximum compregsive stresgs directions are compared with the
maximum compressive strain directions determined from geodetic survey over
the last 50-80 years. The stress provinces with high seismic activity in
the upper crust show good agreement between compression directions deter-
mined geodetically and the maximum compressive in gitu stress directions.
The stress provinces where these two directions do not agree well are
seismically inactive. These phenomena are explained by considering stress
increase with increasing strain accumulation. When two directions do not
agree well, the increase in strain does not work effectively to increase
the differential stress. In the extreme case, if the angle between two
directions is larger than 45°, the differential stress decreases even if
strain is increasing. Therefore, it is important for earthquake predic-
tion to detect the orientation difference between the maximum in situ
stress and maximum strain rate.

1. Introduction

Hydraulic fracturing as a method of in situ stress measurement has
been developed in the last 10 years. Now, it offers one of the best
opportunities to determine both the orientation and magnitude of stress to
depths exceeding a few kilometers. As is well-known, earthquakes occur
when rocks cannot sustain the increasing stress. Therefore, stress data
at depth is one of the most important items of information for earthquake
prediction research.

The first project on in situ stress measurements for earthquake
prediction using the hydraulic fracturing technique in Japan was begun in
1976 at the National Research Center for Disaster Prevention. Some ten
measurements were planned in the Kanto-Tokai area, which is the "area of
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intensified observation" designated by the Coordinating Committee for
Earthguake Prediction in Japan. The first successful stress measurements
were made in two 100 m deep wells in 1978 (Tsukahara et al., 1978a, b).
Subsequently, measurements in several boreholes of a depth of 450 m have
been made (Tsukahara et al., 1980, 81, and Ikeda and Takahashi, 1981).
After the stress measurements, seismometers were installed at the bottom
of some of the wells so that they could be used as observation wells for
microearthquakes.

This report presents the results obtained from two 100 m deep wells
and six 450 m deep wells in the Kanto-Tokai area and also presents some
interpretations about the magnitude of stress, differential stress,
stress direction and some relations between in situ stress and seismic
activity.

2. Experimental sites and geological setting

The locations of the wells are shown in a geologic and tectonic map
(Fig.1l), which shows the complicated geological setting of this area. The
Kanto-Tokai area stands at the junction of three plates; the Philippine
Sea, Pacific, and Eurasian plates, which is illustrated in Fig. 1 (insert).
The Philippine Sea plate is considered to be moving northwestward and
subducting at the Suruga and Sagami troughs under the Eurasian plate, and
the Pacific plate is moving westward and subducting at the Japan trench.

Some faults active during Quaternary time are distributed in the
Miura Peninsula and the Boso Peninsula, and particularly in the Izu
Peninsula. In the Izu Peninsula high seismic activity and abnormal
uplift have been observed for several decades. In the Kanto plains
around Tokyo, only a small number of active faults have been detected. It
is thought that many faults could be covered by thick accumulations.

Fig. 2 shows vertical cross sections through the experimental sites.
The azimuth of each cross section was chosen to indicate maximum topog-
raphic relief. This figure shows that the effect of topographic reliefs
on the stress distribution at the measurement sites of Yokosuka (Y),
Choshi (C) and Nakaminato (NA) are negligible. The stresses measured at
the Okabe (M, K and OK), Nishiizu (N) and Futtsu (F) wells may be affected
in some degree by the topographic reliefs. In this paper, we basically
neglect the topographic effect. That is, we assume one principal stress
is vertical and it is only due to the weight of the immediate overburden.

Okabe wells (M, K and OK)

Three wells were drilled into mudstone and sandstone with some altered
clayey beds of Paleogene age (the Setogawa Group); two 100 m deep wells (K
and M) and a 450 m deep well (OK). Measurements were made in sandstone
beds. Stress measurements in the K and M wells were made in 1978 and in
the OK well, in 1981. These three wells are situated in a valley trending

38



north-south, and are located about 35 km west of the Suruga trough (Fig.
1), which may soon be the site of a large earthquake (M 8) based on the
recurrence time and geodetic survey data, and about 10 km west of the
Itoigawa-Shizuoka Tectonic Line (Fig. 1) which is one of the major tectonic
lines in the Japanese Islands. The OK well is located 10 m and 4 km south
of K and M, respectively.

Nishiizu well (N)

A 450 m deep well was drilled into indurated tuffaceous sandstone of
Miocene age (the Nishina Formation in the Yugashima Group), which contains
some altered clayey beds. All measurements were made in consolidated
tuffaceous sandstone. The Izu Peninsula has been one of the most vigorous
districts in crustal activity in Japan since 1974 (M=6.9, the Izu-Hanto-
Oki Earthguake). The well is located 15 km north of the fault of the 1974
earthquake and 20 km east of the Suruga trough. The nearest active fault
(left-lateral strike-slip) to the site is located 5 km southeast of the
well. The well is located in a valley trending southwest-northeast.

Yokosuka well (Y)

A 450 m deep well was drilled into mudstone of Early Miocene age (the
Morito Formation in the Hayama Group). The mudstone had many pre-existing
fractures. However, hydrofracturing data were obtained at three depths in
competent but highly jointed rock. The site is approximately 35 km north-
east of the Sagami trough, which contains the hypocenter of the Kanto
Earthquake, 1923 (M=7.9), and 400 m northeast of the nearest active fault
which is a right-lateral strike-slip fault (see Fig. 2).

Futtsu well (F)

A 450 m deep well was drilled into sandstone of Late Miocene age (the
Amatsu Formation in the Miura Group). The rocks had few pre-existing
fractures. The site is 4 km south of the nearest active fault, which is a
dip-slip with right-lateral fault.

Choshi well (C)

A 450 m deep well was drilled into shale containing interbedded
clayey rocks. Lower Cretaceous rocks crop out on the surface around this
site, which is composed mainly of well-cemented sandstone. However, the
rocks in the well were composed of shale and clayey beds and contained
many Jjoints. Therefore, we could not detect any new cracks originated by
hydraulic fracturing. Rocks of this age in this area are bordered on the
west by an extinct fault and are narrowly distributed along the coastline.
Exposures of the rocks are confined to such a small area that they cannot
be shown in Fig. 1. Although the rocks crop out narrowly on the land,
they are estimated to extend largely from the coast to the sea floor.
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Nakaminato well (NA)

A 450 m deep well was drilled into sandstone of Late Cretaceous age
(the Hiraiso Formation in the Nakaminato Group). Rocks were composed of
well-cemented sandstone. Rocks of this age in this area are also bordered
on the west by an another extinct fault and exposures of these rocks are
confined to a narrow area. Although they are not shown in Fig. 1, they
are estimated to extend to the sea floor.

3. Field operations

Our field equipment is schematically illustrated in Fig. 3. The
straddled interval subjected to high pressure for hydraulic fracturing was
2.2 m long. Fracturing was carried out by pumping water into the strad-
dled interval between two inflated packers at constant rates which varied
between 5 and 100 1/min. The pressure and flow rate of the fluid was
measured simultaneously in the hydraulic line on the surface, and in some
experiments a downhole pressure transducer with logging cable was also
used for pressure measurement. All of the data were recorded by both a
multipen chart recorder and a magnetic tape recorder.

The azimuth of the hydraulic fracture (which indicates the direction
of the maximum horizontal compressive stress, Hubbert and Willis, 1957)
was detected by an ultrasonic borehole televiewer (Zemanek et al., 1969)
and/or an impression packer (Anderson and Stahl, 1967).

4, Field data and stress calculations

A total of about 60 hydrofracturing tests were conducted in the 8
wells. The number of measurements attempted in each well was limited by
the well wall condition estimated from various logging data and from a
borehole televiewer picture.

The following relationships were used in calculating the principal
horizontal stresses (Bredehoeft et al., 1976, Zoback et al., 1977, and
Haimson, 1978).

Hmin Ps . (1)

= 3P - - 2

Symax s Py Pp (2)
where S and S ip are the maximum and minimum horizontal compressive

stressesm?éompre551on is positive), respectively, and P, , P and P  are
the reopening pressure of the hydraulic fracture, the instanfaneousPshut
in pressure (the pressure necessary merely to keep the fracture open), and
the normally existing pore pressure in the rock, respectively. We take
the value of P_ as hydrostatic pressure because the water table was near
the surface at all the sites.

A typical pressure-time record (hydrofracture at 248 m in the Naka-
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minato well) is given in Fig. 4. Pumping was started at point A and was
continued at a constant rate. Pumping was stopped at point B, and the
well was shut in to obtain the instantaneous shut in pressure P . Fogr
pressurization cycles are shown, which yielded reopening pressures P as
well as repeated P values. Instantaneous shut in pressures and reopening
pressures were 51mply determined from inflection points in pressure-time
records. In cases where multiple pressurizations of a zone produce multi-
ple values of the instantaneous shut in pressure and/or the reopening
pressure, an averaged value was taken after omitting greatly deviating
values from other data.

The horizontal stresses (S and S__ . ) were calculated based on
the relationships (1) and (2) by gélng P and P_° values. The vertical
compressive stress (lithostatic pressure? was calculated based on rock
density (taken from logging data and/or core) of each well;

s, = 9.8x10 °D-h (3)

. . . . . . 3
where S is the vertical stress in MPa, D is the density in g/cm” and h
is the gepth in m.

Typical pictures of created cracks observed by the televiewer and
obtained by the impression packer are shown in Figs. 5 and 6. Fig. 5
shows a borehole televiewer record cf clear hydraulic fractures from a
depth of 263 m in the Nishiizu well. Fig. 6 shows an impression packer
with clear hydraulic fractures from 225 m in the Okabe well. The orienta-
tion of the impression packer was measured by using a compass in non-
magnetic drillpipe, which is placed just above the upper packer. We have
not succeeded in detecting the same fracture by both techniques.

Calculated stresses (S and S ), and S directions are
summarized in Table 1 and presenteg 18 Fig. 7. The da%a which indicate
small values of tensile strength (=P ), showing reopening of a pre-

existing fracture, are also plotted all gogether. However, the data which
show a greatly different azimuth of the fracture from the average value
obtained from the same well are not plotted in the figure. In the case of
N343, N423 and N436, hydraulic fractures were made by holding constant
high water pressure in the straddled interval. Therefore, we did not
measure the prevailing breakdown pressure. The prevailing breakdown
pressure is somewhat greater than the holding pressure due to decrease of
strength with increase of the pore pressure in gocks. However, we do not
need to evaluate the decreage (a, b and ¢ in P column of N343, N423 and
N436 in Table 1) because P is not used for calculation for stress values.
In Fig. 7 solid straight lines fitting the S and S__ . data were
determined by the least squares method, excep@ ¥or Yokosuﬁa. As there are
only three scattered data in the case of the Yokosuka site, the least
squares method was applied to the data under the condition of the straight
line with the same gradient as the lithostatic pressure.
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5. Discussion of results
(1) Magnitude of stress

As shown in Fig. 7 both the minimum and maximum horizontal stresses
generally increase with depth, which is the same phenomenon as those
reported in many other stress measurements.

Differential stresses of SHmax and S from lithostatic pressure(S )
as a function of depth are given in Fig. B The left-hand figure reveals
that the minimum horizontal stresses are greater than lithostatic pressure
at every depth at each site. However, the difference between the minimum
horizontal stress and lithostatic pressure is rather small (4 2.5 MPa at a
depth of 400 m for all measurements except for Yokosuka) and the difference
is almost constant regardless of the depth (except for Nishiizu).

The differential stress between the maximum horizontal stress and the
lithostatic pressure varies widely from site to site, which is shown in
the right-hand figure in Fig. 8. Because lithostatic pressures (vertical
stresses) are the minimum stress for all depths and sites, this figure
represents the variations of the maximum differential stresses with depth.
The figure shows that Okabe, Nakaminato and Nishiizu have relatively large
differential stresses; around 10 MPa at 400 m. The Okabe and Nishiizu
sites are located near the Suruga trough, which is supposed as mentioned
in a previous section to be one of the most critical areas for a next
great earthquake. The relatively high differential stress level at these
two sites may suggest high potential for crustal activity around the
Suruga trough area.

(2) Fault type and stress condition around the sites

Nishiizu site

Focal mechanisms of shallow (<15 km) earthquakes and active faults
near the site are strike-slip type faults. Therefore, relative magnitude
of the stresses should be S >:S > S . We can estimate the stress
magnitude at depth from extrapolatlon o? measured data to deeper parts.
As shown in Fig. 7, the relative magnitude of S in to Sv at Nishiizu well
changes at about 600 m, and that of S ax to SV seems also change at a
depth of several kilometers. Therefore, at depths between 600 m and
several kilometers, the relative magnitude of the stresses is consistent
with that estimated from the shallow earthquakes and active faults men-
tioned above. However, the relative magnitude is inconsistent in the
crust deeper than several kilometers. This disagreement indicates that
the straight line on the data of S can not be used for extrapolation

. Hmax
deeper than several kilometers.
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Yokosuka and Futtsu sites

Although there is no data on the focal mechanism of a shallow earth-
quake in the vicinity of these two sites, there are some active faults
near these sites as mentioned in a previous section.

Active faults near the Yokosuka well are right-lateral strike-slip

faults. Therefore, the stress condition should be S »S >S . The
relative magnitude of S Hin to S is different from Eﬁe measureg éata,

S >S

Hmin

Active faults near the Futtsu well are complicated; dip-slip (both
normal and reverse movements can be traced but current movement is not
detectable) with right-lateral strike-slip faults. Therefore, we cannot
discuss stress condition in connection with fault analysis.

Other sites
There is no data to be compared with our data now.

(3) Stress orientation: Local stress orientations estimated from
various methods

Fig. 9 shows the maximum compressive stress directions measured by
various methods; active fault analyses, Quaternary cinder cone alignments
(Nakamura, 1975), Quaternary dike trends (Nakano et al., 1980), focal
mechanism solutions of shallow (in the upper crust) earthquakes (Abe,
1974, Japan. Meteor. Agen., 1978, and Ishibashi, 1980), in situ stress
measurements on the surface by the overcoring method (Geol. Surv. Japan,
1980 and Koide et al., 1981), and the hydraulic fracturing data. It is
demonstrated that the stress directions measured by various methods are
compatible with each other locally, but the stress direction is not
entirely uniform through the Kanto-Tokai area.

The stress directions estimated from the dike trends, focal mech-
anisms of earthquakes, and cinder cone alignments indicate the near
surface stress condition in the crust. Dike trends and cinder cone
alignments have formed for about a million year, while earthquake mech-
anisms and the in situ stress measurement data show the current stress
state. It is noteworthy that most data on stress direction are compatible
even though they are for different periods within the Quaternary and the
methods sample different depths in the crust.

(4) Stress orientation: Relation to the plate tectonic model
The distribution of measured stress direction seems to be complex for
such a small area. However, the stress state is rather understandable

when the relative motion of the Pacific, Philippine Sea, and Eurasian
plates is taken into account. We interpret the observed stress direction
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in terms of the interaction among the plates in the following discussion.

Our view of current stress orientations in the upper crust is il-
lustrated in Fig. 10 (the central figure) by dashed lines. We divided
this area into 6 "stress provinces", where stress directions appear almost
uniform, as proposed by Zoback and Zoback (1980). Basically, we believe
that stress in the southern part of this area is controlled by the north-
westward movement of the Philippine Sea plate, and that in the northern
part is controlled by the westward movement of the Pacific plate relative
to the Eurasian plate (see upper left-hand corner of Fig. 10).

We describe each stress province as follows. The stress state in
area R is ruled directly by the NW movement of the Philippine Sea plate,
and all of the directions measured in this area are compatible with the NW
movement. The stress directions in areas Q and U are quite different from
that in area R although areas Q and U adjoin R. As proposed by Nakamura
(1980) to explain the stress direction variation in the Izu Peninsula,
downward bending of the Philippine Sea plate at the Suruga trough seems to
be the most probable process for giving rise to area Q with its different
stress direction. This process is illustrated schematically in Fig. 10,
lower left. The magnitude of the NW component of the stress decreases
with the downward bending near the Suruga trough, and the maximum stress
direction becomes parallel to the Suruga trough in area Q. This process
cannot explain the stress directions in area U unless the plate extends
beneath the land area.

The upper crust of area P has enough distance not disturbed by the
downward bending, and the stress in this area is dominated by the EW
compression by the Philippine Sea plate. Area S will stand on equal
ground with area P from the tectonic viewpoint as shown in Fig. 10, lower
right. That is, the upper crust of area S should be compressed in a N45°W
direction like that of area P. The direction at the Futtsu well shows
good agreement with this interpretation, but that at the Yokosuka well
does not show good agreement. As explained later, this discrepancy may be
due to local stress disturbance by an active fault near the measurement
site (distance of only 400 m).

The stress state in area T is mainly controlled by the westward
motion of the Pacific plate.

(5) Relation among in situ stress, geodetic strain and seismic activity

The maximum compressive strain directions observed by geodetic survey
are_illustrated in Fig. 11 by dotted lines (accumulated strain more than
10~ of the maximum shear strain, Nakane and Fujii, 1979 and Dambara,
1980) with the maximum compressive stress directions. The periods of
strain accumulation are shown in the same figure (insert). We adopt
results calculated by using the data over as long a period as possible.
However, in the case of areas B and E, in order to avoid the local strain
disturbance accompanying large earthquakes, we indicate the results cal-
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culated by using the data surveyed immediately after two large earthguakes
(the 1923 Kanto earthquake, M=7.9, and the 1930 Kita-Izu earthguake,
M=7.0) in each site.

X . -5 .
Areas C and D show strain accumulation less than 10 of maximum
shear strain and show no systematic preferred orientation of strain.

It is clearly shown in Fig. 11 that the stress direction and accu-
mulated strain direction do not always agree. Close agreement in stress
provinces P and R, and disagreement in U and S are shown.

We attribute the disagreement in areas U and S to a long-term after-
effect of the 1923 Kanto earthquake which occurred along the Sagami trough
(near the intersection of the trough and the coastline). The area suf-
fering from crustal deformation in the earthquake (Matsuda et al., 1978)
corresponds to areas U and S. Although the geodetic strain measurement is
made on the surface, the strain will distribute almost uniformly to depths
of several hundreds of meters where our stress measurements have been
made._. The amount of the maximum shear strain in U and S is less than
4x10 ~, and this is equivalent to maximum sgear stress of 0.6 MPa under
the conditions of Young's modulus of 1.6x10 MPa (rocks from 150 m depth
of the Futtsu well) and elastic deformation only. This stress is small
relative to the measured maximum differential stresses. The small magni-
tude of stress estimated from the strain also suggests that strain accu-
mulation started. in 1923 as a long-term after-effect of the earthquake has
hardly affected the in situ stress direction yet.

In the case of Yokosuka, the site is located at a distance of only
400 m from an active fault. Stress accumulated in remote ages has been
released gradually with plastic deformation around the fault. Therefore,
it is supposed that stress around this site has been accumulated, concen-
trated and amplified for a short period, and the stress direction measured
near the fault is closer to the compressive strain direction. On the
other hand, stress direction estimated from the active faults near Yoko-
suka seems to represent the stress direction in the upper crust because of
their large dimensions. Therefore, the direction estimated from the
faults is reasonably compatible with the NW movement of the Philippine Sea
plate. From the facts described above, the current maximum stress direc-
tion is concluded to be N45°W in the upper crust in areas S and U regard-
less of the different maximum compressive strain direction.

Areas P, Q and R show high seismic activity, and areas S, T and U are
seismically inactive in the upper crust. 1In areas P and R, the strain
accumulation is continued in the same direction as the maximum stress,
while in areas S and U the compressive strain direction is different from
the in situ stress direction. That is, the region where the strain accu-
mulation goes in the same direction as that of in situ stress is seis-
mically active because the in situ differential stress increases with
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strain accumulation. On the other hand, the region where the current
strain accumulation direction disagrees with the in situ stress direction
is seismically inactive in the upper crust because the strain accumulation
does not work efficiently to increase the in situ differential stress. If
the angle between the direction of the maximum compressive in situ stress
and that of accumulating strain is larger than 45°, the in situ differ-
ential stress will even decrease as strain increases. It is important for
earthquake prediction to detect the orientation difference between the in
situ stress and currently accumulating strain.
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Fig.

1

Measurement sites (black circles) and their geélogical and
tectonic settings. Simplified from Geological Map of Japan and
Active Fault in Japan (Geol. Surv. Japan, 1978 a,b). 1: The
post-Miocene, 2: The Miocene, 3: The pre-Miocene, 4: Quaternary
extrusives, 5: Tertiary extrusives, 6: Intrusives, 7: Active
faults, 8: Major tectonic lines, 9: Depth in m, 10: Measurement
sites (M, K, and OK: Okabe, N: Nishiizu, Y: Yokosuka, F: Futtsu,
C: Choshi, and NA: Nakaminato), 11: Sedimentary rocks, 12:
Igneous rocks, MT: Median Tectonic Line, IS: Itoigawa-Shizuoka
Tectonic Line, SU: Suruga trough, and SA: Sagami trough. In the
inserted figure, EU: Eurasian plate, PH: Philippine Sea plate,

NA: Nankai trough, and JA: Japan trench.
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Fig. 2 Vertical cross-sections and depths at which stresses were obtained.
The azimuth of each cross-section is chosen to indicate the
maximum topographic relief.
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The maximum compressive stress directions measured by various

methods. 1: Hydraulic fracturing technique, 2: Overcoring method

at shallow depths (Geol. Surv. Japan, 1980, and Koide et al.,

1981), 3: Focal mechanism solutions of shallow earthquakes (Abe,

1974, Japan Meteor. Agen., 1978, and Ishibashi, 1980), 4: Quaternary
dike trends (Nakano et al., 1980), 5: Active faults, and 6: Quaternary
cinder cone alignments (Nakamura, 1975).
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Fig. 10 Simplified current stress directions in the upper crust. Dashed
lines indicate directions of the maximum horizontal compressive
stresses. Arrows show the relative movement of the Philippine Sea
plate and the Pacific plate with respect to the Eurasian plate.
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B 1924/26-1974175

C 1893-1976/78

D 1898/1300-1978 D

E 1831-1973/75

Fig. 11 The maximum compressive stress directions and the maximum compressive
strain directions. 1 - 6: The same legend as on Fig. 9, 7: Area
strained less than lO—5 of maximum horizontal shear strain (Geograph.
Surv. Inst., 1279 and 80), and 8: Area strained more than lO~5 of
the maximum shear strain (Nakane and Fujii, 1979, and Dambara,

1980). Dotted lines show the direction of the maximum compressive
strain accumulated since two big earthquakes in this area (the
1923 Kanto earthquake, M=7.9, and the 1930 Kita-Izu earthquake,
M=7.0). Periods of geodetic survey for each area are given in the

inserted figure.
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EXPERIENCE WITH HYDRAULIC FRACTURING AS A MEANS OF ESTIMATING 1N sITU
STRESS IN AUSTRALIAN COAL BASIN SEDIMENTS

BY
J.R. ENEVER & B.A. WOOLTORTON - CSIRO, Division of Applied Geomechanics

1.  INTRODUCTION

The Australian coal industry has for some time expressed the need for a
method of measuring in situ stress in coal basin sediments, from the
surface, to depths up to 500 m or more. This information is considered
of importance for the early planning of colliery layouts and the choice
of optimum sites for major entries. Overcoring techniques can be used
to measure stress from underground openings once these have been excavated.
This, however, obviously precludes use of the information in the early
planning phase of project evaluation. After consideration of various
alternatives CSIRO Division of Applied Geomechanics decided, in 1975, to
undertake a programme of evaluation and/or development of the hydraulic
fracturing technique as a means of estimating the in situ stress field
at depth (up to 1000 m from the surface) in normal exploration size
holes (maximum 75 mm diameter) in typical coal measure roof and floor
rocks (not in the coal itself).

Effort concentrated initially on a programme of laboratory work which
revealed a number of fundamental aspects of the technique which might be
relevant to field applications. The work described here, however,
represents the results to date of an ongoing field evaluation programme,
in which a very pragmatic point of view is being taken. In this programme
the technique is being applied to various situations, employing the
simplest possible approach to interpretation consistent with obtaining
reasonable results. The opportunity is taken, wherever possible, to
compare the results obtained from hydraulic fracturing with the results
obtained from overcoring at the same site. In these situations, the
results obtained from overcoring are considered as 'standard values'.
The reliability of overcoring has been established through considerable
experience.

The particular overcoring technique employed in most instances is the
CSIRO 'Hollow Inclusion' cell, in which a thin plastic annulus containing
several strain gauges is glued into a pilot hole and then overcored
using a larger diameter trepaning bit. Strain changes measured during
overcoring are related to the pre-existing triaxial stress tensor in
proximity to the cell.

The overall :aim of the evaluation programme is to develop, through
practical experience rather than necessarily through fundamental
theoretical considerations, a universal operating procedure and interpretive
approach that can be applied by the type of personnel involved in coal
mine exploration projects, without specialist supervision. For this
reason, complicated experimental procedures and sophisticated inter-
pretations are specifically avoided. On the way through the evaluation
programme a number of problems are being encountered. In some cases it
has been found possible to either circumvent or allow for these problems
in the operating procedure or the method of interpretation. In other
instances problems have been highlighted for further attention and the
extent of their potential influence on the usefulness of the technique
outlined.
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2. EQUIPMENT DEVELOPMENT

In order to pursue the evaluation programme it has been necessary to
develop a range of original experimental equipment. Three distinct
phases of development can be distinguished. The first of these inyolved
the development of a set of portable equipment suitable for use in
underground coal mines. The equipment had to be compact, manually
handlable and intrinsically safe. The equipment is shown in Figure 1.
The inflatable straddle packer is based on the use of commercially

available seals, m long and designed for operation in B size holes

3
(approx. 60 mm diameter). The sealed-off test section is also l-m

long. The impression packer is also based on a commercially available
element and is long enough (1 m) to cover the full extent of the test
zone (two seals and sealed-off section). Both packers are located in
the hole on simple, tubular installation rods. Separate, flexible,
hydraulic hoses allow independent pressurisation of the seals and the
sealed-off test section. This means that while hydraulic oil is normally
used for seal pressurisation, any fluid desired can be employed in the
test section. Separate hand pumps are used for the seals and the
sealed-off test section. The pressure in the test section is monitored
continuously throughout testing on a clockwork, rotary pressure recorder
(Fiqure 2).

The compact nature of the fracturing tool means that testing has been
facilitated in situations where only limited extents of suitable rock
types are available. The normal experimental procedure with this
equipment involves initially inflating the seals to a pre-determined
pressure and then pressurising the test section at a constant rate while
keeping the seals at a marginally higher pressure (approximately 1 MPa).
This requires two operators. Pressure synchronisation is achieved by
means of matched pressure gauges, one in each pressure line. Experimental
control in this fashion is quite satisfactory. Pressurisation is continued
until crack initiation occurs at which time pumping is ceased to allow

an initial shut-in pressure to be determined. Pumping is then continued
through several cycles of repressurisation.

The second phase of development involved the design and construction of
a fracturing tool for surface operation. After initial experience was
gained with commercially available equipment, the equipment in Figures 3
and 4 was contrived. In principle this tool is identical to the original
underground equipment. The commercially available sealing elements are
1 m long and designed for operation in N size holes (approx. 75 mm
diameter). The sealed-off test section is of adjustable length, from
approximately 1 m to 3 m, to suit the particular test horizons available.
Separate pressurisation of the seals (hydraulic oil) and the sealed-off
test section is possible. A flexible hydraulic hose is used for seal
inflation. The tool incorporates down-hole pressure transducers for
monitoring both. the seal pressure and the pressure in the sealed-off
test section during testing. The tool also incorporates a solenoid
valve to allow the static head pressure to be relieved from the seals
after each test. This allows multiple tests to be conducted without
having to bring the tool to the surface. A multi-core electrical cable
connects the transducers and solenoid valve to the surface. The impression
packer used in conjunction with the tool is similar to that used for the
underground work except that it is fitted with a remote reading, flux-
valve orientation system to facilitate impression orientation. The
impression packer is also fitted with a solenoid valve, like the fracture
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To date this tool has been used to limited depth (maximum approx. 120 m)
by employing conventional AW size diamond drill rods to locate it in ,
holes. The rods are modified to allow them to be used as a high pressure
conduit through which the sealed-~off test section can be pressurised
with any desired fluid (water to date). Pressurisation of both the
seals and the test section is by means of an electric/hydraulic pump,
employing flow control valves to permit requlation of the differential
pressure between the seals and the test section. Both pressures (down-
hole) are recorded throughout testing on a two channel potentiometric
chart recorder. The experimental procedure used to date has been
essentially the same as that employed for the underground work.

The third phase of development is currently underway. It invelves the
development of an 'endless tubing unit' (Figures 5 and 6) to allow the
surface tool and impression packer to be lowered and raised quickly to
prospective test horizons, without the time consuming and uncertain use

of drill rods. This will facilitate testing from the surface to depths

of up to 1000 m. The unit can potentially 'run' tools at up to approximately
60 m/min. though it has not been used to date. The unit is self-contained
with a comprehensive range of pumping capability, pressure and flow rate
recording and ancillaries.

3.  SUMMARY OF EXPERIENCE

The work described in this section was conducted at a number of sites
representing a range of conditions encountered in Australian coal
basins. The exception was the testing conducted at Lancefield, near
Melbourne Victoria which was conducted in a granite outcrop. This site
was used essentially as a proving ground for equipment development but
yielded interesting results in its own right. Work at this site was
conducted in relatively shallow holes (10 metres) drilled from the
surface. The secondary principal stress components in the horizontal
plane were measured independently by overcoring from the surface using
the U.S.B.M. borehole deformation gauge. Fracturing at all other sites
was conducted either exclusively from underground (depth up to 450 m)
using the previously described portable equipment in holes up to 20
metres deep drilled into the roof or floor from cpenings, or a combination
of underground and surface testing, the latter in holes up to 120 metres
deep. At all sites, except Lancefield, the full triaxial stress tensor
was measured independently, in proximity to the location of fracturing,
by overcoring from underground openings using the CSIRO Hollow Inclusion
cell. Testing, other than at Lancefield, was conducted predominantly in
various grades of sandstone using either water (tests designated W),
hydraulic oil (test designated 0) or hydrapol (tests designated H) as
the fracturing fluid. Some testing was also conducted in shales. All
testing at all sites was conducted in vertical holes. 1In all, about 100
tests have been conducted to date at seven sites., The results of 30
tests have been drawn on here to exemplify selected facets of experience.

TAHHMOOR

Table 1 is a summary of results obtained from a series of tests,

conducted from underground, at the Tahhmoor Colliery, 100 km south-west

of Sydney, N.S.W. The tests were carried out in a fine grained sandstone
unit, using -hydraulic oil as the fracturing fluid. Impression packer
images revealed that induced cracks were located within the sealed-off test
sections and that these cracks all exhibited definite signs of rotation
from near axial (vertical) toward transverse (horizontal) at their
extremities.
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Figure 7 is a typical pressure record obtained during this series of

tests. The horizontal orientations of the axial portion of the cracks:
obtained from the tests in Table 1 are summarised in Figure 8. The

average orientation shows good agreement with the orientation of the

major, near horizontal, principal stress component obtained from overcoring.
The scatter in the orientation can be readily attributed to the error
associated with the manual indexing of installation rods used to obtain

the orientation of the impression packer.

A series of laboratory miniature fracturing tests were conducted on

core recovered from the test hole, to estimate the appropriate

strength to use for analysis of results. Lengths of core were prepared
with a central axial hole sealed at one end, and with a fluid inlet

at the other end to permit internal pressurisation. The samples were

all confined externally (radially and axially) to simulate the stress
field anticipated to exist in situ. Internal pressurisation was conducted
at the same rate and with the same fluid as was used for the field

tests. The average strength so determined was used in conjunction with
the mean instantaneous shut-in pressure (estimate of minor stress
component in horizontal plane 021) and corresponding crack initiation
pressures to make estimates of the magnitude of the major stress component
in the horizontal plane (011), employing the simple elastic solutions

for impermeable materials (3 x instantaneous shut-in [crack initiation -
strength]). The resulting average values of the magnitudes of the minor
and major stress components in the horizontal plane show good agreement
with the magnitudes of the corresponding, near horizontal, principal
stress components obtained from overcoring.

Values of instantaneous shut-in pressure, recorded in Table 1, were
obtained from the pressure records by means of tangent intersection
analysis*, which gives a lower estimate than the tangent divergence analysis¥*.
From a purely pragmatic point of view, the authors' experience has shown
that the tangent intersection method of analysis gives estimates of 021
which are generally closer to the values obtained by overcoring than are
the corresponding estimates of 021 obtained from the tangent divergence
method of analysis. It was observed that the tangent intersection analysis
estimate of 021 for the first pressurisation cycle was of the same
approximate magnitude as the tangent divergence analysis estimate for
subsequent pressurisation cycles and that the two estimates tended to
converge.

* "Tangent intersection" refers to the point of intersection between the
tangent to the pressure curve immediately after crack initiation, and
the tangent to the long term pressure curve:

"Tangent divergence" describes the point of inflection at which the
pressure curve diverges from its tangent immediately following crack
initiation.
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LANCEFIELD

Table 2 is a summary of the results obtained at the Lancefield site
mentioned previously. Two tests were carried out in an apparently

uniform granite using water as the fracturing fluid. Impression packer
images revealed that the induced cracks in this instance appeared to
originate from under one or the other of the inflatable seals and extend
only to a limited extent into the sealed-off test sections. There was

no evidence of crack rotation on the impression packer images. Figure 9

is an abridged pressure record for one of the tests. One interesting
feature of this particular record is the relative slowness of the

pressure drop-off after crack initiation (cf Figure 7). This appears to

be a characteristic of situations in which crack initiation presumably
occurs under a seal and is noticed only when fluid can leak from the

test section, past the seal and into the crack. This form of behaviour

was noticed in many other instances discussed later. In the case of the
test depicted in Figure 9, a definite phase of test section depressurisation
and repressurisation was included to allow an estimate to be made of the
crack re-opening pressure. The average horizontal orientation of the

cracks obtained at this site shows reasonable agreement with the orientation
of the major secondary principal stress component in the horizontal

plane obtained from overcoring (Fig. 10).

Cne feature of the results summarised in Table 2, compared with those in
Table 1, is the much greater range in the instantaneous shut-in pressures
for repeated cycles of pressurisation. This can possibly be attributed
to the increasing degree of fracture fluid access to the developing

crack as the crack extends lengthwise after each pressurisation, with
commensurate decrease in the pressure loss associated with the fluid
having to leak past the seal. This implies that the best available
estimate of the magnitude of the minor stress component in the horizontal
plane, (021) when crack initiation occurs under a seal, would be made by
considering the instantaneous shut-in pressure after several cycles of
repressurisation. Certainly in the case of the results summarised in
Table 2, best agreement with the magnitude of the minor secondary
principal stress component in the horizontal plane obtained from overcoring
was for the longer term shut-in pressure (using the tangent intersection
method) , rather than the initial instantaneous shut-in pressure.

A series of laboratory tests, identical in principle to those

described previously, was conducted to determine the range of strength
values of the granite in the test zones (including the seal locations)
appropriate for analysis of results. The mean strength, as well as the
upper and lower limit values, were used in conjunction with the long
term instantaneous shut-in pressures and corresponding crack initiation
pressures (in this case the peak seal pressures) to make lower bound,
upper bound and mean estimates of the magnitude of the major stress
component in the horizontal plane (011) (Table 2). The simple elastic
solution for impermeable materials was employed as previously. The
average mean value estimate of this component shows' reasonable agreement
with the magnitude of the major secondary principal stress component in
the horizontal plane obtained from overcoring. The average range from
lower bound to upper bound estimate was acceptably small. A separate
estimate of the magnitude of the major stress component was made for
each test by employing the crack re-opening pressure to replace the term
‘crack initiation -strength' used in the previous analysis. The results
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of this analysis are included in Table 2. In this instance the average
estimate was considerably less than that made by using the first method
of analysis and also considerably less than the magnitude of the major
secondary principal stress component obtained from overcoring.

The magnitude of the crack re-opening pressure was approximately the
same regardless of whether the tangent intersection or the tangent
divergence point on the curve was adopted*. This was generally the case
at all sites where crack re-opening pressure was recorded. Furthermore,
the shape of the curves after re-opening appeared always to assume a
form consistent with the measured stress regime. For example, at
Lancefield where the major stress component was approximately three times
the minor stress component in the horizontal plane (i.e. 011 = 3021 and
hence 3021 - 011 ® 0), the borehole pressure continued to rise after re-
opening had occurred. However, at the Moura test site (see later) where
011 > 2621 and hence 3021 - 011 ® g,1, the pressure curve tended to
flatten out after re-opening.

MOURA

Table 3 represents a summary of an extensive series of tests conducted
both from underground (depth approximately 100 m) and from the surface
(hole depth 85 m) at the Moura mine, 200 km south-west of Rockhampton,
Queensland. The tests were conducted in a densely cemented, medium
grained sandstone using water (surface tests) hydraulic oil and hydrapol
(underground tests) as the fracturing fluids. Impression packer images
revealed that in all instances (underground and surface) cracks apparently
developed from under seal locations and extended into the sealed-off

test sections. Some images showed signs that the cracks may have been
consistent with high angle (to horizontal) joint planes, at least over
part of their extent. Although there was no obvious evidence of jointing
(open or incipient) in the core corresponding to any of the test zones
when it was inspected prior to testing, high angle jointing was a common
feature of the area and was encountered in all holes drilled for the

test work. In the cases of cracks suspected of being influenced by
jointing, the impression packer images showed a tendency for axially
(vertically) extending cracks to 'blend into' high angle planes crossing
through the sealed-off test section. In other cases there was no evidence
of crack rotation, the essentially linear, vertical crack traces apparently
terminating at the limit of lengthwise crack development established by
the extent of pumping.

The horizontal orientations of the axial cracks for the tests

contained in Table 3 are summarised in Figure 11. There is very

good agreement between the orientation of the cracks produced by surface
testing and the orientation of the major, near horizontal principal
stress component obtained from overcoring. There is also acceptable
agreement in the case of the cracks produced by underground testing,
particularly for those tests in which the possible influence of jointing
could be reasonably ruled out. In the latter instances the orientations
clustered very tightly. In most respects the test pressure records

* With respect to the determination of crack re-opening pressure;
"tangent intersection" refers to the point of intersection of the tangents
to the pressure curve before and after crack re-opening, and "tangent
divergence refers to the point at which the pressure curve diverges
from its tangent prior to crack re-opening.
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obtained for the work at Moura were similar to. those obtained at Lancefield.
There was the characteristic relatively slow drop-off of pressure after
crack initiation described previously, and the generally considerable
range of instantaneous shut-in pressures for multiple pressurisation
cycles noticed at Lancefield. Tangent divergence analysis estimates of
instantaneous shut-in pressure were much higher -than the corresponding
values of horizontal principal stress obtained from overcoring. Tangent
intersection estimates on second and subsequent loading cycles were closer
to the overcoring estimates. As at Lancefield, an attempt was made in
each test to establish the crack re-opening pressure by de-pressurising
between pressurisation cycles.

The results in Table 3 indicate the effect of test fluid viscosity on

the ability to reliably estimate the magnitude of the minor stress
component in the horizontal plane (021) from the long-term instantaneous
shut-in pressure, when crack initiation under a seal is suspected. The
closest approximation to the magnitude of the minor, near horizontal,
principal stress component obtained from overcoring was for the tests
conducted with the lowest viscosity fluid (water), with progressively
increasing disparities for the tests conducted with higher viscosity

fluids (oil, hydrapol). While the agreement was acceptable, for practical
purposes, for the tests conducted with water and oil (especially considering
the relatively severe influence of experimental errors at the absolute
stress levels involved) the disparity in the case of the tests conducted
with hydrapol was excessive. It was observed that the relative differences
between the tangent intersection and tangent divergence estimates for
instantaneous shut-in pressure, 021, decreased as the viscosity of the test
fluid increased.

The tests conducted with hydrapol produced the most consistent crack
orientation, free of any apparent influence of jointing. This may have
been coincidental (at least two cracks produced using oil showed the
same traits) or .it may have been a direct result of the higher viscosity
fluid not being able to penetrate into incipient joint planes, as may
have occurred for water and oil. Re-pressurisation some months later,
of the test zones originally tested with hydrapol, using hydraulic oil,
produced instantaneous shut-in pressures and crack re-opening pressures
consistent with the results obtained using oil as the only test medium.
Testing using a combination of fluids such as this may represent a
practical means of obtaining usable results in a situation where jointing
may otherwise adversly effect the outcome of testing.

Since no reliable estimates were made of the peak seal pressure at crack
initiation for any of the tests conducted at Moura, and since crack
initiation was believed to occur universally under the seals, it was not
possible to estimate the magnitude of the major stress component in the
horizontal plane (011) using the first method described previously.
Attempts to estimate the magnitude of this component using crack re-
opening pressures, for the tests conducted with water and oil, gave only
fair agreement with the magnitude of the major, near herizontal, principal
stress component obtained from overcoring (much better agreement for the
tests conducted with water than oil). Errors in this instance can be
substantially accounted for by errors associated with the estimation of
the magnitude of the minor stress component rather than any fundamental
misconception in using the crack re-opening pressure.
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WAMBO

Table 4 represents a summary of a series of tests conducted from the
surface (hole depth 120 m) at the Wambo mine, in the Hunter Valley area
of N.S.W. approximately 200 km north-west of Sydney. The tests were
carried out in a moderately permeable, medium grained sandstone using
water as the fracturing fluid. Impression packer images revealed that
all the induced cracks were axial, linear (i.e. no sign of rotation) and,
while apparently extending into the region of the seals, were extensively
developed in the sealed-off test section in each instance. Figure 12 is
an abridged pressure record for one of the tests. One immediately
obvious feature of this record is the relatively rapid drop-off of
pressure following crack initiation, when compared with the record in
Figure 9. This can probably be attributed to crack initiation commencing
under the seals in the test section contemporaneously with, if not
preceeding, the sealing process. Another factor that points to this is
the relatively small range in instantaneous shut-in pressure between the
initial value and the value after multiple re-pressurisation cycles for
each test. The horizontal orientations of the axial (vertical) cracks
for two of the tests contained in Table 4 are summarised in Figure 13,

In this case there appears to be excellent agreement with the spatial
orientation of the near horizontal components of the stress field obtained
from overcoring some distance away but in the same relative location in
the rock sequence as the fracture tests.

It was not possible, at this particular site, to make direct comparison
between magnitudes of the stress components estimated from the fracturing
tests and determined independently by overcoring, because of the possibility
that the overcoring measurements were made at a site relatively destressed
as a result of mining activity and topography when compared with that
used for the fracturing tests. What was concentrated on at this site

was the potential reliability of using crack re-opening pressure as a
means of estimating the magnitude of the major stress component. To
establish this, a series of laboratory miniature fracturing tests (as
described previously) was conducted on core covering the full extent of
the test zones (including seal locations) for two of the tests contained
in Table 4. This allowed 95% confidence limits to be established
statistically for the material strength, under conditions comparable to
the respective field test (fracturing fluid, rate of pressurisation,
degree of confinement) in each case. These results are included in

Table 4. It can be seen that in each instance, there is excellent
agreement between the mean laboratory determined strength and the
corresponding field estimated strength based on the difference between
the crack initiation pressure in the sealed-off test section and the
crack re-opening pressure. This would seem to lend credence to the use
of crack re-opening pressure in the analysis of results.

The tests summarised in Table 4 were all conducted at different

rates of pressurisation. This possibly accounts for what appears to be
a statistically significant difference in apparent strength for the two
tests mentioned above, (W2 and W3) which were conducted in what appeared
by core inspection to be identical material. To take this aspect
further, a second series of laboratory miniature fracturing tests was
conducted on a number of representative core samples selected from the
general rock unit in which the field tests were carried out. These
tests were conducted at various rates of pressurisation covering the
range employed for the field tests. The results are summarised in
Figure 14. Also included in Figure 14 are the estimates of strength
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obtained from the field tests contained in Table 4. Figure 14 reveals
what appears to be a systematic variation in strength with rate of
pressurisatioen, applying to both the laboratory and field situation.
This can probably be attributed to the effect of fluid penetration on
apparent strength. At the slower rates of pressurisation, penetration
presumably extends further causing a relatively lower apparent strength
than at faster pressurisation rates. Figure 14 highlights a potential
problem when analysing results using laboratory determined strength, in
that unless laboratory testing is carefully matched to field test conditions,
serious errors may be introduced into the analysis to determine the
magnitude of the major stress component. It appears that the use of
crack re-opening pressure may be a way of overcoming this potential
problem regardless of whether or not fluid penetration occurs.

WALLSEND BOREHOLE

Table 5 represents a very brief resume of some results of particular
interest selected from a comprehensive programme of work carried out,
from underground (depth approx. 200 m), at the Wallsend Borehole Colliery
in the Newcastle area of NSW. The tests were conducted in a particularly
strong, fine-grained sandstone, using hydraulic oil as the fracturing
fluid. Impression packer images revealed that in most instances short,
rotating cracks within the sealed-off test section were induced. These
were similar in nature to the cracks produced in the testing at Tahhmoor.
The horizontal orientations of the axial traces of the cracks obtained

at any one site (five sites tested) showed close agreement. It was not
possible, however, to compare in absolute terms the orientation found
from fracturing with the orientation of the near horizontal stress
component obtained from overcoring at one site since, for practical
reasons, the overcoring was conducted in the roof of the opening and the
fracturing in the floor. There was reason to believe that the stress
field may have been horizontally re-orientated in the roof due to local
deformation mechanisms.

The most interesting feature of the results of the four tests

summarised in Table 5 was the dramatic change in instantaneous shut-in
pressure, in each instance, from the initial value immediately following
crack initiation to subsequent values following further pressurisation
cycles. In the case of tests 1 and 2 (pressure records, Figs. 15 and 16
respectively) the pressure records were similar to that shown in Figure

7 for the tests at Tahhmoor (sharp pressure drop after crack initiation)
except for the marked change in shut-in pressure which was not a feature

of the Tahhmoor results. It is postulated that this behaviour arises as

a result of the tendency for crack rotation to occur (as noted on the
impression packer images) from an initial, predominantly axial (vertical)
trend toward a predominantly transverse (horizontal) trend as crack
propagation proceeds. In the case of tests 1 and 2 it is believed that

the crack development in each case was initially halted while the crack

was still predominantly axial (shut-in pressure representative of horizontal
stress field) and that after subsequent repressurisation the crack
development in each case became predominantly transverse (shut-in pressure
representative of vertical stress). 1In the case of tests 3 and 4 (pressure
records Figs. 17 and 18 respectively) it is postulated that the transition
from axial to transverse occured so rapidly that total transition occured
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before the cracks had stabilised after initiation. In each instance
there is a characteristic 'kink' in the pressure record during pressure
'‘drop-off' which can be imagined to correspond to’ a transient initial
shut-in pressure representative of the horizontal stress field.

The validity of the crack rotation postulate can be examined to some
extent by comparing the average initial shut-in pressure (estimate of
021) for the four tests in Table 5 with the average magnitude of the

near horizontal principal stress components obtained from overcoring in
the general region of the fracture tests. As can be seen, the agreement
is very good, as is the agreement between the magnitude of the vertical
stress obtained from overcoring and the long term shut-in pressure to
which all tests appear to be converging (estimate of 031). Similar
crack rotational behaviour apparently occured during the Tahhmoor tests.
In this case, however, the absence of a marked change in shut-in pressure
can probably be attributed to the fact that the vertical stress component
and the minor horizontal stress component were of approximately equal
magnitude, unlike the situation at Wallsend Borehole.

The implications of this mode of behaviour are potentially serious for
the use of hydraulic fracturing to measure in situ stress in some
situations. On the evidence of work at Tahhmoor and Wallsend Borehole
the situation of most concern would appear to be a brittle rock type in
a relatively high stress environment (particularly with a large imbalance
between horizontal and vertical components), which is probably the
situation of greatest practical interest. It seems that it may be
possible to overcome the problem by ensuring that pumping is stopped the
instant that crack initiation occurs, so that crack development is not
taken to the stage where all record of the horizontal stress field is
lost. This practice would be contrary to much of the earlier world
experience.

NATTAI NORTH

Table 6 represents a selection of results from work carried out, from
underground (depth approx. 300 m), at the Nattai North Colliery,
approximately 150 km south-west of Sydney, NSW. The tests were conducted
in a variety of rock types (shale, fine sandstone with sub-vertical
cemented joints and very coarse permeable sandstone) with two different
fracturing fluids (hydraulic oil and hydrapol). The results in Table 6
were selected to highlight some of the problems encountered when conducting
fracturing experiments in coal measure rocks.

The first part of Table 6 is a summary of results obtained at two sites
when testing a horizontally laminated shale, using oil as the fracturing
fluid. In all cases, impression packer images revealed that cracks were
transverse (horizontal) and were located within the sealed-off test
sections. A typical pressure record is shown in Figure 19. This record
is similar in all essential respects to records obtained when inducing
vertical cracks within the sealed-off test section. The relatively

small range of instantaneous shut-in pressures in each case is symptomatic
of a stable crack. The average shut-in pressure at each site (estimate

of 031) agrees very well with the respective near vertical stress component
magnitude obtained from overcoring at that site.
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A series of laboratory miniature fracturing tests was conducted on the
core recovered from the test zones, using the appreach described prevjously.
These tests yielded an average strength across bedding (horizontal) of
3.5 MPa and normal to bedding (vertical ) of 16 MPa, a ratio of 0.22
which has been found common for many laminated coal measure rocks. By
employing the laboratory value of strength across bedding in conjunction
with the average crack initiation pressure for the four tests and the
average indicated vertical stress magnitude, it is possible to postulate
that the hydraulic fracture tool used for the tests must have applied a
maximum axial tensile stress concentration to the wall of the hole in
the sealed-off test section of at least 0.6 times the radial pressure.
This value may be somewhat on the high side since it is quite likely
that there would be a bedding plane of significantly less than average
strength situated strategically in the sealed-off test section of each
test. If a limiting value of zero strength is considered, the axial
stress concentration reduces to approximately 0.3, a value consistent
with theoretical predictions. While an axial stress concentration of
such magnitude would not cause problems in materials having approximately
isotropic strength properties (such as the sandstones involved in most
of the tests related) for a wide range of imaginable stress fields, it
is obviously of significance when dealing with strongly anisotropic
materials such as shale.

The overall significance of the axial stress concentration lies in the
implication that it may be impossible to induce axial cracks, in vertical
holes, in horizontally laminated rocks when using this type of tool.

This would therefore preclude the possibility of obtaining information
on the important horizontal stress field, and limit the usefulness of

the technique to making estimates of the vertical stress, which is
generally unimportant in practical terms. This has been the author's
experience in a range of laminated rock types in a variety of stress
field situations from vertical stress aproaching zero (near surface) to
approximately hydrostatic (such as in the case of Nattai North where
average horizontal stress magnitude is approximately equal to the vertical
stress). Since laminated rock types make up an important proportion of
most coal basins and, since situations will inevitably arise in which

the technique will need to be used in such rock types, the authors
consider the problem of overcoming transverse crack initiation of great
importance. Two lines of development in tliis regard are currently being
pursued. The first of these involves the use of an axially reinforced
brittle grout column to line the test hole in the selected test zone.

The rationale behind this is that during pressurisation the axial reinforcement
will inhibit the development of a transverse crack in the rock, at least
one that communicates with the pressurised test section, but will not
interfere with the free development of an axial crack at a location
dictated by the prevailing stress field. The second concept is to
construct a tool capable of applying a positive axial compression to the
wall of the hole in the test section, during radial pressurisation, with
a view to counteracting the axial tensile stress concentration produced.

The second part.of Table 6 is a summary of results obtained at one site
when testing a fine grained sandstone with sub-vertical cemented joints,
using oil as the fracturing fluid. Impression packer images revealed
that in each case a sub-vertical crack had developed within the sealed-
off test section, corresponding to the location of a joint obvious from
core inspection. A typical pressure record is shown in Figure 20,
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This record shows a distinctly different form of pressure drop-off from
those in which new crack initiation occured (Fig. 7). There was a
tendency for shut-in pressure to decrease with sueccessive pressurisation
cycles, but not to the same extent as in the case of cracks originating
under seals (see earlier). Since the horizontal erientation (strike) of
the joints was approximately parallel to the orientation of the major,
near horizontal, principal stress component obtained from overcoring at
the site, it was possible to compare the magnitude of the minor, near
horizontal, principal stress component obtained from overcoring with the
average shut-in pressure used as an estimate of the latter quantity
(021). The agreement is reasonable, particularly when considering that
relatively small deviations in orientation between the major stress
direction and the strike of the joints would mean that the stress acting
normal to the plane of the joint would not be the minor stress component
but some value in between the minor and major stress component magnitude.

Attempts to estimate the magnitude of the major stress component by

using the laboratory determined intact material strength and the 'crack
initiation' pressures, employing the simple elastic analysis for impermeable
materials, yielded unrealistic results. Since no attempt was made to
estimate the ‘crack reopening' pressure in either case, it was not
possible to take the analysis further. If the 'crack reopening' pressures
could have been determined it may have been possible to make some estimate
of the magnitude of the major stress component. In any event, it would
appear that at least some useful information on the general magnitude of
the horizontal stress field can be obtained from the shut-in pressures
recorded for tests in vertical holes in which sub-vertical cemented

joints occur in the test zones. At least to this extent the problem of
sub-vertical joints is not as serious as that of weak bedding planes.

It is the authors experience that the problem of joints is also less
serious because of their relatively infrequent occurence, compared with
bedding, and the ability to avoid them when selecting test horizons by
core inspection. The use of a viscous fracturing fluid, such as hydrapol,
to initiate cracking followed by a less viscous fluid to determine shut-
in pressure, as employed in the joint affected work at Moura, may prove

a way of getting around the problem of jointing if it becomes serious.

The third part of Table 6 is a summary of results obtained at one site,
using hydrapol as the fracturing fluid, in a very coarse, permeable
sandstone. Earlier attempts to use oil in this material proved fruitless
as indicated by the pressure record, Figure 21. The high rate of fluid
leakage into the sandstone masked any distinct crack initiation or shut-
in pressure, The use of hydrapol as the fracturing fluid meant that a
distinct crack initiation could be obtained in this material (pressure
record Fig. 22). The cracks induced were shown, from impression packer
images, to be transverse (horizontal) and within the sealed-off test
section. The sandstone was known, from laboratory testing, to have a
considerable anisotropy of strength. This presumably accounts for the
transverse crack development. The average long term instantaneous shut-
in pressure (estimate of 031) showtd reasonable agreement with the
magnitude of the near vertical principal stress component obtained from
overcoring at the site. In all the sites tested, this was the only
instance in which a viscous fracturing fluid had to be employed specifically
to enable a crack to be initiated. As such, excessive permeability
appears to be a relatively rare problem. It would seem, however, that
in such cases, viscous fracturing fluids may be employed, and at least
the resulting shut-in pressures used to make estimates of some stress
component magnitudes. 73



ELLALONG

Table 7 represents a single result obtained from an underground test
(depth approx. 400 m) at the Ellalong Colliery, approximately 50 km west
of Newcastle, NSW. The test was conducted in a coarse sandstone using
hydraulic oil as the fracturing fluid. The test produced a transverse
crack (identified frem an impression packer image)- near the interface
between the sealed-off test section and a seal. The occurence of a
transverse crack was considered unusual in what appeared to be an essentially
uniform sandstone. The crack was attributed to the occurence of a
carbonaceous parting at the location, representing some degree of
anisotropy of strength, in conjunction with the approximately hydrostatic
nature of the stress field, as indicated by overcoring, which generally
necessitates high borehole pressures in order to initiate a vertical
crack. The likelihood of having such a combination of conditions at
many test sites lends added import to the need to develop an effective
means of overcoming the problem of transverse crack development.
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ABSTRACT

In this paper we discuss the manner in which in-situ stresses affect the
form of hydraulic fracturing pressure-time records and we suggest a physical
basis for interpretation of these data. Hydraulic fracturing pressure-time
records can be classified according to the relative magnitudes of the
breakdown pressure, Py, the fracture opening pressure, or the pressure at
which the already-formed hydraulic fracture opens at the wellbore in
subsequent pressurization cycles to accept fluid, Pb(T = 0), and the minimum
horizontal principal stress, Spe Type 1 hydraulic fractures occur when
Py > P(T = 0) > Sy, Type 2 hydraulic fractures occur when
Py > Sp > P(T = 0), and Type 3 hydraulic fractures occur when
Sh> Py > Py(T =0). The transition from Type 1 to Types 2 and 3
hydraulic fractures corresponds to an increase in the magnitude of
(SH + Pp)/Sh, where Sy is the maximum horizontal principal stress and
Pp is the pore pressure. The transition from Type 2 to Type 3 hydraulic
fractures corresponds either to a further increase in (SH + Pp)/sh, a
decrease in tensile strength, or a combination of both effects. The normal
stresses acting on the hydraulic fractures in these three cases are quite
similar except for the portion of the hydraulic fracture that is within a few
inches of the borehole. This is important because carefully controlled
experimental procedures are required for hydraulic fractures of Types 2 and 3
to be correctly identified and their fracture opening pressures to be
accurately determined.

The instantaneous shut-in pressure (ISIP) and the downhole pumping
pressure are typically observed to decrease slightly with cumulative pumped

volume. We suggest that this results from the reduction in magnitude of
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viscous pressure losses within the hydraulic fracture as it propagates and
that, as the test progresses, the ISIP assymptotically approaches Sh.
Therefore, it is this approximately stable value of the ISIP that we
customarily use as the best measure of Sh.

We determine the maximum horizontal principal stress, SH, from the
fracture opening pressure, the pore pressure, and Sh. The fracture opening
pressure is frequently observed to decrease with cumulative pumped volume, in
a manner similar to that observed for the ISIP. We suggest that this decrease
in fracture opening pressure results from some combination of: 1) incomplete
breakdown on the first cycle, 2) infiltration of fluid into the hydraulic
fracture during the early stages of borehole repressurization, and 3) an
increase in Pp due to the diffusion of fluid into the rock surrounding the
borehole during pumping and shut-in. In an attempt to minimize the error due
to these effects in Po(T = 0), and therefore in the computed value of SH,
we suggest using the fracture opening pressure from the third cycie for
determining SH. This method seems to yield consistent values for SH, even

in cases when tensile strength changes markedly in a given well.
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INTRODUCTION

Use of the hydraulic fracturing method for making in situ stress
determinat{ons at depth has increased dramatically in the past few years.
Hydraulic fracturing stress measurements have been used widely to constrain
models of crustal dynamics in both seismically active areas and stable
continental interiors (Haimson, 1978; Richardson et al., 1979; Zoback and
Zoback, 1980), in the design of underground structures such as pumped
hydroelectric facilities, nuclear waste repositories, and coal mines (Haimson,
1981; Doe et al., 1982; Enever and Wooltorton, 1982), and in the planning of
massive hydraulic fracturing operations to increase the productivity of oil,
gas, and geothermal energy reserves (Aamodt and Kuriyagawa, 1982; Bawden,
1982; Gronseth and Kry, 1982).

Determination of in situ stresses using the hydraulic fracturing
technique, however, has not proved to be as straightforward as simple theory
would predict. Due to the large number of investigators currently employing
this method, we feel it useful to present a detailed discussion of common
characteristics of the hydraulic fracturing pressure-time data that we have
obtained and to provide what we feel is a sound physical basis for the
. interpretation of these data to determine the principle in situ stresses. In
this paper we define three fundamental types of hydraulic fracturing
pressure-time histories on the basis of the relative magnitudes of the
breakdown pressure, the pressure necessary to open a hydraulic fracture, and
the minimum principal stress. We then discuss in detail the relationship
between these three types of pressure-time histories and the relative magni-
tudes of the principal stresses and how the minimum and maximum principal

stresses and tensile strength should be determined from the tests. This
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discussion draws heavily upon our personal experience in conducting about 60
successful tests at 14 different sites. It should be noted that, because we
work primarily in granite using fairly standardized test procedures, we may

not address some of the problems encountered by other investigators that are

mentioned elsewhere in this volume.

BASIC TEST PROCEDURE

In the hydraulic fracturing technique one principal stress is assumed to
be parallel to the borehole and the propagation of a hydraulic fracture from a
vertical borehole is assumed to be perpendicular to Sh, the minimum
horizontal principal stress. The assumption that the hydraulic fracture
propagates perpendicular to Sh is well supported by both laboratory and
theoretical studies (Hubbert and Willis, 1957; Haimson and Fairhurst, 1970;
Haimson and Avasthi, 1975). The magnitude of Sh, therefore, can be
determined from the pressure in the hydraulic fracture immediately after
pumping into the well is stopped and the well is shut in. Determination of
the maximum horizontal principal stress, SH, requires the assumption of the
elastic concentration of stresses around a circular borehole. Al1 of the
tests reported here were performed in intact granitic rock and the assumption
‘of elastic behavior near the wellbore is presumed to be valid. In some cases,
however, the material around the wellbore clearly cannot support the concen-
trated stresses and fails in compression, resulting in well elongation (Bell
and Gough, 1982). When this occurs, the assumption of elastic behavior near
the wellbore is clearly not valid and SH cannot be determined with the

methods described below.

Figure 1 shows a typical hydraulic fracturing pressure-time record from a

107



well drilled in crystalline rock near the San Andreas fault in central
California. The basic procedure we follow in conducting hydraulic fracturing
stress measurements is as follows: 1) conduct multiple cycles of fluid
injection, increasing the pumping time for each subsequent cycle, 2) pump at
the same flow rate on each cycle of the test, and 3) permit "flow-backs" to
occur following each injection cycle to allow for drainage of excess fluid
pressures from the hydraulic fracture. In this paper we discuss the rationale
for this procedure, and the methods we use to determine Sh and SH' It

should be noted that all pressure records shown here are from a surface
pressure transducer that is affected by a viscous pressure loss in a high
pressure hose going to the wellhead. Because the pumping rate is
approximately constant on each cycle, the pressure drop in the hose is
approximately constant so that on any given cycle the wellhead pressure is
several bars less than the pressure recorded during pumping. The downhole
pressure can be determined by adding the appropriate hydrostatic pressure to
the wellhead pressure. No viscous pressure 10ss occurs in the wellbore at the
low pumping rates used. We also measure pressure directly in the hydrofrac
interval with a Kuster gauge but do not present these data here because the
records are not amenable to reproduction.

The reader should keep in mind that the shape of a given pressure-time
record reflects both the in situ stress field and the procedures used during
hydraulic fracturing. In the discussion below, we consider variations in the
form of pressure-time histories resulting from changes in the stress field
using the test procedures illustrated in Figure 1. We do not consider here
the effects of high viscosity fluids (Nolte, 1979), fluid leakage in the drill

stem or packer system, or other factors that could change the form of the
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pressure-time history.

TYPES OF PRESSURE-TIME RECORDS
Hubbert and Willis (1957) and Haimson and Fairhurst (1967) derived the

now classic equation
Py =38y - Sy - Pp+ T (1)

relating the breakdown pressure, or presumed pressure of hydraulic fracture
formation, Pb, to the horizontal principal stresses Sp and Sy, the

formation pore pressure, P_, and the tensile strength, T. Bredehoeft et al.

p’
(1976) first suggested that SH could be determined without knowledge of T by
using the pressure necessary to open an existing hydraulic fracture, Pb(T =

0). Setting T = 0 in (1) we have

PL(T =0) =35, -5, - Pp (2)
as an expression for the borehole pressure necessary to open an existing

hydraulic fracture at the wellbore.
Using (1) and (2) we can define three basic types of pressure-time

histories (all of which we have observed) based on the relative magnitudes of

pb’ Pb(T = 0), and Sh'

Type 1: Both the breakdown and fracture opening pressures are greater

than or equal to S,. That is, P, > Pp(T = 0) > Sp.
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Rearranging (2), we observe that Type 1 pressure-time records

occur when

Sy +hPE.i ) (3)
Type 2: The breakdown pressure is greater than Sh but the fracture
opening pressure is less. That is, Pb > Sy, Pb(T = 0).
Rearranging (1) and (2) we observe that Type 2 pressure-time

records occur when

S+P>2>S + P. - T (4)
'H'SB—E e

h
Type 3: Both breakdown and fracture opening pressures are less than

Sh' That is, Sy, > Py > P (T = 0). Rearranging (1) we

observe that Type 3 pressure-time records occur when

Sy + Pp - T
=L > 2 (5)

Pressure-time histories that are illustrative of each of these three types are
shown in Figure 2. These data are from wells drilled in the Mojave Desert and
have been previously discussed by Zoback et al. (1980).

To provide better physical insight into how the relative magnitudes of
the principal stresses result in these three different types of pressure-time
histories we calculate the normal stresses on a hydraulic fracture resulting
from the elastic stress concentration surrounding a cylindrical borehole (after

Hubbert and Willis, 1957). Expressed in polar coordinates, with the center of
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the borehole at the origin, the circumferential effective stress %
resulting from a farfield effective stress oy in a plane perpendicular to

the borehole axis is given by

og = B [l + %%] - %4 [1 + 3‘}3—}0529 (6)

where a 1is the borehole radius, r is distance from the center of the hole,
and e is measured from the direction of applied stress. Decomposing effective
stresses into matrix stress and pore pressure components gives

% = Sg = Pp

°A = Sp - Pps
and superimposing the circumferential stresses resulting from two orthogonal
principal stresses, SH and Sh, we obtain an expression for the normal

stress SN acting on a hydraulic fracture:

where the hydraulic fracture is assumed to be planar and perpendicular to

Spe Notice that (7) reduces to (2) at r=a as expected.

Using (7) the normal stresses acting on the hydraulic fractures corre-
sponding to the pressure-time histories shown in Figure 2 were computed and
are shown in Figure 3. Two important features of Figure 3 should be noted.
First, the normal stress on the hydraulic fractures rapidly approaches Sh as
the fracture propagates away from the borehole. Second, the stress concentra-

tions corresponding to these three types are quite similar except for that
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portion of the hydraulic fracture adjacent to the borehole. The similarity in
SN is important because it requires a carefully controlled hydraulic
fracturing experiment (e.g., through constant flow rates, as discussed below)
to correctly identify the hydraulic fractures of Types 2 and 3 and thus to
accurately determine the fracture opening pressures.

As can be seen from (3), (4), and (5) the transition of hydraulic frac-
tures from Type 1 to Types 2 and 3 corresponds to an increase in the magnitude
of SH + Py relative to Sh' The transition from Type 2 to Type 3
hydraulic fractures, however, corresponds to either a further increase in the
ratio (SH + Pp)/Sy, a decrease in T, or some combination of both of
these effects. Type 1 hydraulic fractures are typical of situations in which
the horizontal stress difference is low, while Types 2 and 3 hydraulic
fractures are typical of regimes exhibiting a high horizontal stress
difference. The transition between these types can occur within a single
well. Figure 4 shows the horizontal principal stresses, together with the
maximum shear stress {(proportional to the horizontal stress difference), for
two wells drilled at the same site in the western Mojave Desert (see Zoback et
al., 1980). The lower seven of these measurements were made in the
Crystallaire well and the pressure-time records from these tests are shown in
Figure 5. In the Crystallaire well, a transition occurs from a Type 1 test at
266 m to Type 2 tests at 338 and 561 m, to Type 3 tests at 681 and 751 m, and
back to Type 2 tests at 786 and 849 m. In the lower four tests in Figure 5,
the peak pressure attained on the first cycle is not significantly higher than
that attained on the subsequent cycles. Tests 1ike these, which do not
exhibit "classical" breakdown behavior, might be misinterpreted as

representing the opening of a preexisting fracture. However, carefully
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controlled test proce- dures (which are discussed below) confirm our
interpretation of hydraulic fracture formation on the first cycle and
reopening of that fracture on subsequent cycles. Furthermore, evidence that
hydraulic fractures were, in fact, generated in these tests is provided by the

excellent impression packer result obtained for the fracture at 786 m (Fig. 6)

METHODS FOR DETERMINING Sh AND Sy
DETERMINATION OF Sh

In nearly all the hydraulic fractures that we have analyzed to date the
wellbore pressure immediately after pumping has stopped (the instantaneous
shut-in pressure, or ISIP) is observed to decrease slightly as fractures are
propagated. This phenomenon has also been reported by other investigators
(see for example Gronseth and Kry, 1982; Enever and Wooltorton, 1982).

Figures 7 and 8 show this decrease in ISIP with total pumped volume for two
wells drilled near Monticello Reservoir in South Carolina (see Zoback and
Hickman, 1982). As shown, the decrease in the ISIP after about 50 liters have
been pumped, and the fracture is extended away from the wellbore, is usually
quite small.

In addition to the decrease in ISIP with volume, we also customarily
observe a decrease in the difference between the downhole pumping pressure
(measured immediately before shut-in) and the ISIP. (This pumping pressure is
measured downhole and it is not affected by the pressure gradient in the
surface hose referred to above.) A plot of the difference between the
downhole pumping pressure and the ISIP against the pumped volume, together
with a plot of the ISIP against pumped volume, are shown in Figure 9(a) and

(b), respectively, for three tests from a 600-m-deep well drilled at Hi Vista
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in the western Mojave Desert (see Hickman et al., 1981). Figure 9(b) shows a
decrease in the ISIP with pumped volume similar to that seen in the two
Monticello wells. In Figure 9(a) we see that the pumping pressure decreases
in a manner similar to, but more rapidly than, the ISIP, such that the differ-
ence between the pumping pressure and the ISIP decreases rapidly with time and
approaches zero for large pumped volumes. Notice that the intentional
reductions in flow rate at the end of the 227- and 539-m fractures prior to
shut-in caused further reductions in the magnitude of the downhole pumping
pressure relative to the ISIP but resulted in no significant reductions in the
ISIP. The importance of this will be discussed later.

Before discussing the significance of these observations let us look
briefly at the relationships between Si» the downhole pumping pressure, and
the ISIP. Once the hydraulic fracture has propagated beyond several borehole
radii away from the well, the downhole pumping pressure is given by the

following expression:
Ppun.p = Sh+ pv + PK (8)
where PV is the viscous pressure loss in the hydraulic fracture during
pumping, and P, is a small increment of presssure in excess of Sy necessary
to propagate the fracture. Soon after the hydraulic fracture initiates the
stress intensity factor at the fracture tip becomes so large (compared to the

critical stress intensity factor or fracture toughness) that PK << §y, and

PK may be neglected (Zoback and Pollard, 1978). Similarly, when pumping is
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stopped, the ISIP is given by

)
where Py is the residual viscous pressure 1oss in the hydrofracture near

the borehole immediately after shut-in and

Py 2Py 20 (10)
Assuming laminar flow, one can use a parallel plate flow law to gain insight
into the functional forms of Py and Py. For laminar fluid flow between

parallel plates the relationship between the volumetric flow rate per fracture

height, q, the pressure gradient in the fracture, %;, and the fracture opening,

d, is given by Norton and Knapp (1977) and others as

dP _ 12uq
r i .?ﬁ;_ (11)

where yu is the dynamic viscosity and x is defined as positive in the direction
of fracture propagation. Roughly speaking, this suggests that both PV and
P; are proportional to flow rate and inversely proportional to the cube
of the hydraulic fracture aperture.

Zoback and Pollard (1978) examined the relationship between the aperture
of a hypothetical two-dimensional hydraulic fracture at the borehole wall, or

the center wall displacement, and the hydraulic fracture length, L, for the

two limiting cases illustrated in Figure 10. In case 1 the fluid pressure
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acts only at the center of the fracture (i.e., in the borehole) and acts, in
effect, 1ike a point load. In this case the center wall displacement D is
invariant with fracture length. In case 2 the fluid pressure acts uniformly
throughout the entire length of the fracture and D increases linearly with
fracture length. Obviously, the situation in an actual hydraulic fracture
lies somewhere between these two extremes, so that the center wall
displacement increases with fracture length but in some manner more complex
than the 1inear case shown.

With these considerations in mind, we can examine what happens to Pv
and P; on successive pumping cycles. From Figure 10 we have seen that,
as pumping‘into the hydraulic fracture continues and L increases, there will
be a corresponding increase in D. Due to the extreme sensitivity of the
pressure gradient in the hydraulic fracture to changes in D indicated by (11),
there are very rapid decreases of the pressure gradient terms PV and P;.

Thus, with pumped volume (i.e., with increases in L and D),
and, from (8), (9), and (10)

Poump—>1S1P—>S} (13)

This result explains why the ISIP decreases with pumped volume and approaches

the correct value for S and why (Ppu - ISIP) tends to zero in Figure

mp
9. It also explains the observation in Figure 9 that variations in the flow

rate prior to shut-in (during the later cycles of the 227- and 53%m hydraulic
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fractures) resulted in variations in the pumping pressure but not the ISIP;
Py had become negligibly small so that ISIP = S, while Py had not
become negligible at the flow rates being used. In this regard, it is
interesting to note that in a few cases the pressure gradient term during
pumping, Py> is also of negligible magnitude. This was the case in the
849-m hydraulic fracture at the Crystallaire well (see Fig. 4). In the final
cycle of this test the flow rate was increased by approximately 30 with no
discernible resultant change in the downhole pumping pressure. Thus, in this
case, both Py and PQ are negligibly small.

In practice, we attempt to measure Sh using (13). We pump at relatively
low flow rates and with a low viscosity fluid (water) to minimize Py and

Pv, and we repeatedly pressurize the fracture to insure ISIP values that

decrease slowly with pumped volume to an asymptotic value representing Sh.

DETERMINATION OF Sy
After Bredehoeft et al. (1976), we standardly use (2) and P, (T=0), or
the pressure at which the already-formed fracture opens during repressuriza-

tion, to determine SH. That is, we assume
T = Pb - Pb(T=0). (14)

This approach has two major advantages over the use of laboratory-determined
tensile strengths and first-cycle breakdown pressures. First, due to the
observed scale dependence of tensile strengths (see Haimson and Rummel, 1982;
Ratigan, 1982) there can be considerable uncertainty involved in the

extrapolation of laboratory-determined tensile strengths to in situ
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conditions. Second, there can be considerable variation in the tensile
strength of any rock unit in a given well. Thus, a sufficient number of
Taboratory-determined values for T from throughout the tested intervals is
necessary or considerable error could result in the values determined for

SH. One could, of course, obtain and test core samples from all the

intervals in a well that were to be hydraulically fractured and use a separate
value of T for each interval. Such an extensive coring operation, however,
would be unreasonably expensive in most cases.

In theory, the use of secondary breakdown pressures for determination of
SH represents a considerable advancement over conventional methods. However,
as discussed in the sections below, extreme care must be taken with the test
procedures to determine fracturing opening pressures accurately, and steps
must be taken to minimize the effects of processes that could alter the stress
concentration around the borehole and thereby negate the use of fracture
opening pressures and (2).

Procedure - To determine the fracture opening pressures, we carefully
pump at a constant rate, and choose as Pb(T=0) the pressure at which the
initial borehole pressurization rate in the later cycles deviates from that
.established in the first cycle prior to breakdown. This represents the
pressure at which the already-formed fracture opens at the borehole to accept
fluid. Figure 11 shows how this method was used to obtain the fracture
opening pressure for the 787-m hydraulic fracture in the Crystallaire well.
It is critical that a constant flow rate be maintained throughout each
hydraulic fracturing test, particularly for Type 2 and 3 hydraulic fractures,
so that this pressurization rate comparison can be made. In cases where a

constant flow rate cannot be maintained from cycle to cycle but can be
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maintained on any given cycle, the fracture opening pressure may be approxi-
mated as the pressure at which the pressurization curves deviate from a
strajght 1ine since the borehole pressurization curves prior to breakdown or
fracture opening should be 1inear. Notice that this technique would also have
yielded a correct value for the fracture opening pressure in the example shown
in Figure 11.

The fracture opening pressures in a given test are typically observed to
decrease with successive cycles. This behavior is illustrated in Figure 12
where the initial pressurization curves for the seven cycles from the
hydraulic fracture at 97 m in the Monticello 2 well are superimposed. The
same behavior is seen in Figures 13 and 14, where the apparent tensile
strengths obtained using (14) for tests made in Monticello wells 1 and 2 are
plotted against total pumped volume. As can be seen in these figures, the
apparent tensile strength sometimes increases abruptly between the second and
third pressurization cycles and then continues to increase slowly with pumped
volume.

In the sections below we first discuss why the apparent tensile strength
sometimes increases abruptly between cycles 2 and 3, and then we discuss
reasons for the gradual change with pumping on the subsequent cycles.

Incompiete Breakdown - Ideally, once the hydraulic fracture is formed on

the first cycle, there should not be any large changes between the fracture
opening pressures on subsequent cycles. However, as mentioned above, on some
tests a significant change in fracture opening pressure occurs even between
the second and third cycles. We believe that this is due to incomplete
breakdown on the first cycle (i.e., T is not reduced to zero) because the well

was shut-in immediately after breakdown and before significant fracture

119



extension could take place (see Fig. 15). Examples of incomplete breakdown
are shown at 128 m in Figure 14 and at 961 m in Figure 13. As shown in
Figures 13 and 14 there is, in general, very little change in the apparent T
between the second and third cycles. At 128 m in Monticello 2 (Fig. 14), and
to a lesser extent at 961 m in Monticello 1 (Fig. 13), however, there are
significant changes. We think that interpretation of results similar to these
in terms of incomplete breakdown is justified because this interpretation
routinely yields consistent results. For example, as shown in Figure 15, the
magnitude of S, at 97 and 128 m was interpreted to be quite similar using

the third cycle fracture opening pressures even though the breakdown pressures
were different due to the differences in tensile strength (Fig. 14). Had the
second cycle fracture opening pressures been used, the values of SH at 97

and 128 m would have differed by about 80 bars even though the Sh values are
nearly identical. Moreover, the value of SH at 128 m would have been less
than Sh which is, of course, impossible. Fortunately, incomplete breakdown
as dramatic as that seen at 128m in Monticello 2 occurs infrequently, but the
extent to which it occurs in other tests is often difficult to judge. For
this reason we routinely use third cycle fracture opening pressures to
circumvent the possible influence of incomplete breakdowns on the
determination of S,,. We do not use fracture opening pressures from
subsequent cycles because of the small but gradual change in apparent T that
accompanies further pumping (Figs. 13 and 14).

Fluid Diffusion - It is important to understand the reasons for the

gradual decrease in fracture opening pressure (increase in apparent T) after
the third pressurization cycle (see Figs. 13 and 14) even though the magnitude

of this effect rarely exceeds 10-20 bars. One explanation for this decrease
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might be the diffusion of fluid into the rock surrounding the wellbore.
Because the fluid pressure in the wellbore is higher than the pore pressure in
the rock surrounding the well during pumping and shut-in, fluid diffusion
could raise Pp and, from (2), lower Py(T = 0). It is difficult to compute

the change in pore pressure around the wellbore during a series of
pressurization cycles because of the pore pressure increase that occurs during
pumping and shut in and the pore pressure decrease that occurs during the
flow-back period between cycles. Nevertheless, one can gain insight into the
temporal and spatial scales involved in this relatively complex fluid
diffusion problem by considering the simple problem of the pore pressure
perturbation resulting from a stepwise increase in borehole pressure.
Following the solution to the analogous heat flow problem presented by Carslaw
and Jaeger (1959, p. 335-336) the change in pore pressure can be estimated for
a material having a hydraulic diffusivity of approximately 22 cmz/sec
(corresponding to a permeability of 108 Darcies and a porosity of 10'3;

where the contribution to aquifer storage resulting from rock matrix
compressibility is neglected). In this case, a stepwise increase in borehole
pressure of Ho will increase the pore pressure in the surrounding rock to

0.5 H  at a distance of three borehole radii from the borehole wall in about
five minutes. Thus, even when testing in low permeability materials, short
pumping and shut-in times and adequate flow-back on the first few cycles is
necessary to keep fluid diffusion from significantly affecting Pp.

Fracture Infiltration - If a hydraulic fracture was fairly permeable at

borehole pressures less than P (T = 0), fluid would Teak into the hydraulic
fracture in the early stages of borehole repressurization. The resulting

increase in fluid pressure within the hydraulic fracture prior to fracture
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opening would lower the fracture opening pressures and invalidate the use of
(2) for determining Sy- Also, the rate at which fluid leaked into the
fracture as the borehole was pressurized would, via Darcy's Law, be a function
of borehole pressure. In this case, even with a constant flowrate, the
borehole pressurization rate prior to fracture opening would decrease with
increasing borehole pressure. We believe that this phenomenon may contribute
to the moderate decreases in fracture opening pressures observed on the later
cycles of some tests. The borehole pressurization rates prior to fracture
opening in these tests become more and more non-linear as the tests progress,
and the fracture opening pressures on the later cycles are correspondingly
harder to determine. Perhaps this is because the fractures become propped
open by rock fragments and other debris and are progressively more permeable
after repeated pressurization cycles.

In tests such as those described above significant fluid diffusion and
fracture infiltration prior to the third cycles would drastically lower
fracture opening pressures and greatly affect both the SH and apparent T
values computed from (2) and (14), respectively. The internal consistency of
SH values computed using fracture opening pressures (Zoback et al, 1980;
Enever and Wooltorton, 1982; Haimson and Rummel, 1982; Tsukahara, 1982)
suggests that fluid diffusion and fracture infiltration are generally not very
important effects in the early cylces because the magnitude of the effect on
Pb(T = 0), and therefore on Sy, would probably be different for different
tests in a given well.

Another argument can be used to demonstrate that fluid diffusion and
fracture infiltration are probably not significant problems on the first few

pressurization cycles. From (2), any error in Po(T = 0) resulting from
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fluid diffusion or fracture infiltration results in an overestimate of S, by
the same amount. Thus, the error in Pb(T = 0) must, by definition, be less
than S - S, and, in some tests, Sy values are computed using Pp(T =

0) which exceed S, by only a few bars. For example, in the stress
measurements made in Monticello 2 at depths less than 210 m (Fig. 15), because
of the similarity in magnitudes of Sy and Sy, the error in the fracture
opening pressure must be less than 10 bars. Interestingly, fracture
infiltration does not appear to be a problem here despite the fact that the
normal stresses acting across the fracture are relatively low due to the

shallow depth of the measurements.

SUMMARY

Determination of the in situ principal stresses from hydraulic fracturing
data is not as straightforward as simple theory would predict. The arguments
presented above provide what we feel are sound physical explanations for some
of the subtle complexities often observed in pressure-time records. Based on
this, we have presented a scheme for the interpretation of hydraulic
fracturing data using our standard field procedure of conducting repeated
pressurization cycles of progressively longer duration and pumping at
constant flow rates throughout a test. We present arguments suggesting that
the stable instantaneous shut-in pressure attained after repeated
pressurization cycles should be used as a measure of Sh' We have adopted
this approach because it minimizes the effects of the viscous pressure loss in
the hydraulic fracture on the instantaneous shut-in pressure. We also suggest
that the fracture opening pressure observed in the third pressurization cycle

is best to use for the determination of SH. We do this to compensate for
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the effect of incomplete breakdown on the first cycle, to minimize the effect
of fluid diffusion into the rock surrounding the borehole during pumping and
shut-in which might alter the stress concentration around the borehole, and to
minimize the possible problem of fluid infiltration into the hydraulic
fracture prior to fracture opening.

We have also identified three basic types of hydraulic fracturing pres-
sure-time records which are related to the relative magnitudes of the
horizontal principal stresses, the pore pressure, and the tensile strength.
Identification of these types is important for two reasons: 1) it allows for
the recognition and accurate determination of fracture opening pressures in
cases where the fracture opening pressure is less than the minimum horizontal
principal stress (i.e., Types 2 and 3), and 2) it recognizes hydraulic frac-
tures in which the breakdown pressure is less than or equal to the minimum
principal stress (i.e., Type 3) and which might otherwise have been

erroneously interpreted as the opening of preexisting natural fractures.
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS
Surface pressure and flow records from a hydraulic fracture at 185
m in the Limekiln C well, drilled 4 km from the San Andreas fault
in central California. Positive flow rate represents injection
into the hydrofrac interval; negative flow rate is flow out of the
hydrofrac when the surface pressure is vented. The breakdown,
fracture opening, and instantaneous shut-in surface pressures
(ISIP) are indicated on the record. The small pressure pulse
after the fifth cycle results from "choking" the flow-back valve
(from Zoback et al., 1980).
Surface pressure and flow records illustrating the three different
types of hydraulic fracturing pressure-time histories. These
examples are taken from tests conducted in the Mojave 1 and
Crystallaire wells, drilled near the San Andreas fault in southern
California. These types are defined on the basis of the relative
magnitudes of the breakdown and fracture opening pressures and the
minimum horizontal principal stress, Sh, The calculated surface

magnitude of the vertical stress, S | js shown for comparison.

v?
The unusual pressure and flow rate fluctuations following the
increase in flow rate at the end of the test at 751 m in the
Crystallaire well were caused by the malfunctioning of a high
pressure valve at the surface.

The calculated normal stresses acting on hydraulic fractures
corresponding to the examples shown in Figure 2. The equations

from which these calculations were made are presented in the text

and assume the elastic concentration of stress around a
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Figure

Figure

Figure

Figure

Figure

cylindrical borehole that is perpendicular to the two horizontal
principal stresses. Notice that the calculated normal stresses
rapidly approach the magnitude of the minimum horizontal principal
stress, Sh, as the fracture propagates away from the borehole,

and that the stress concentrations corresponding to these three
types are quite similar except for that portion of the hydraulic
fracture within a few inches of the borehole.

The horizontal principal stresses and shear stress (resolved onto
a plane parallel to the San Andreas fault) in the Crystallaire
well. The measurements at depths of 149, 167, and 230 m were made
in the Mojave 2 well which is at the same location (from Zoback et
al., 1980).

Surface pressure and flow records from hydraulic fractures con-
ducted in the Crystallaire well illustrating the transition with
depth of hydraulic fractures from Type 1 through Type 3.
Photographs of impression packer from the hydraulic fracture at
787 m in the Crystallaire well and interpretive line drawing. The
line drawing is oriented with respect to magnetic north (from
Zoback et al., 1980).

The instantaneous shut-in pressure (ISIP) plotted against cumula-
tive pumped volume for four hydraulic fractures in the Monticello 1
well near Columbia, South Carolina. Notice that the decrease in
ISIP with pumped volume, which can be considerable at first, is
usually quite small after about 50 1iters have been pumped.

The instantaneous shut-in pressure plotted against cumulative

pumped volume for four hydraulic fractures in the Monticello 2
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Figure 9.

Figure 10.

Figure 11.

well near Columbia, South Carolina. Notice the decrease in ISIP
with pumped volume, which can be considerable at first, is usually
quite small after about 50 liters have been pumped.

Data from three hydraulic fractures in the Hi Vista well, drilled
32 km from the San Andreas fault in southern California. Shown
are a) the difference between the downhole pumping pressure at the
end of each cycle and the ISIP against cumulative pumped volume,
and b) the ISIP against cumulative pumped volume. Notice that the
intentional reductions in flow rate during the later cycles of the
tests at 227 and 539 m resulted in considerable reductions in the
magnitude of the pumping pressure relative to the ISIP, but caused
no significant reductions in the ISIP. Both the pumping pressure
and the ISIP are observed to decrease with pumped volume in a
manner similar to that seen in Figures 7 and 8.

Center wall displacement as a function of fracture length schema-
tically shown for a two-dimensional fracture with constant
internal pressure P applied over a short central portion of length
r where r << L (case 1) or over the entire fracture length (case
2) (from Zoback and Pollard, 1978).

The beginning of the first and second pressurization cycles from
the hydraulic fracture at 787 m in the Crystallaire well. As the
flow rate was nearly constant during pressurization and the same
on both cycles, the deviation of the pressure buildup curve from a
constant rate of pressurization is diagnostic of fracture
formation on the first cycle and fracture opening on subsequent

cycles (from Zoback et al., 1980).
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Figure 12.

Figure 13.

Figure 14.

Figure 15.

The beginning of all seven cycles from the hydraulic fracture at
97 m in the Monticello 2 well showing the decrease in fracture
opening pressure with each cycle. As in Figure 11, the deviation
of the pressure buildup curve from a constant pressurization rate
is indicative of fracture formation on the first cycle and fracture
opening on subsequent cycles.

Apparent tensile strength, defined as the difference between the
breakdown pressure during the first cycle and the fracture opening
pressure on subsequent cycles, as a function of cumulative pumped
volume for the four hydraulic fractures from the Monticello 1
well. The numbers next to each data point indicate the cycle from
which that apparent tensile strength was determined.

Apparent tensile strength, defined as for Figure 13, as a function
of cumulative pumped volume for four hydraulic fractures from the
Monticello 2 well. The numbers next to each data point indicate
the cycle from which that apparent tensile strength was
determined. The large difference between the apparent tensile
strengths shown for the second and third cycles from the hydraulic
fracture at 128 m indicates incomplete breakdown on the first
cycle.

Hydraulic fracturing stress measurements as a function of depth in
the Monticello 2 well. Dots indicate the magnitude of the least
horizontal principal stress, Sp, and the triangles indicate the
magnitude of the greatest horizontal principal stress, Sy (from

Zoback and Hickman, 1982).
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ABSTRACT

In situ stress determinations by hydraulic fracturing require an
unambiguous method with which to identify the instantaneous shut in
pressure. Results suggest that for low flow rate hydraulic fracturing
(<50 1 min~*) the instantaneous shut in pressure should be equated with
the pressure at the inflection point in the pressure-time record after
shut in. Low volume, Tow rate cyclic pressurization is recommended.
The best estimate of the minimum in situ stress is often times the
minimum value of the instantaneous shut in pressure after a number of
pressurization cycles.

These methods were used to determine minimum in situ stresses in a
potential hydrocarbon zone and its bounding formations and thereby
assess the containment potential for hydraulic stimulation. A favorable
6 MPa stress contrast was observed. A simplistic prediction of fracture
height extension into the bounding formation agreed with the fracture
height determined by radioactive logging.
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INTRODUCTION

In situ stress determinations by hydraulic fracturing rely
upon the assumption that the instantaneous shut in pressure is
equal to the stress acting perpendicular to the plane of the
induced fracture.

While this assumption can indeed be justified, the exami-
nation of many pressure-time records obtained from stress deter-
minations made in the United States and Canada, as well as pressure-
time records obtained from controlled laboratory and field experi-
ments, reveals that the instantaneous shut in pressures obtained
from multiple pressurizations of a zone do not always have a
unique value. It was also found that the shut in pressure from
the first pressurization cycle of an interval in many cases
significantly overestimates the stress acting perpendicular to
the fracture plane.

In principle, the determination of the instantaneous shut in
pressure and hence the minimum stress is relatively straight
forward. However, in actual practice, this determination can be
a highly subjective process. No standardized method exists as to
how the instantaneous shut in pressure should be determined. 1In
cases where multiple pressurizations of a zone produce multiple
values of the instantaneous shut in pressure, there are no guide-
lines as to which value should be taken as being the best estimate
of the minimum stress.

In most cases, errors in the estimation of the minimum
horizontal in situ stress by a few MegaPascals present few, if
any, problems for the successful application of the data.
However, for one application within the petroleum industry, that
of hydraulic fracture containment, errors of a few MegaPascals in the
estimation of the minimum in situ stresses acting in the pay zone and in
potential barriers can have undesirable economic consequences.

Several investigators have shown theoretically (Simonson
et. al. (1978), Van Eckelen (1980)) and experimentally, (Warpin-
ski et. al (1980), Teufel and Clark (1981)) that differences in
the minimum horizontal in situ stresses between a productive
formation and potential barriers are sufficient to inhibit the
vertical growth of hydraulic fractures. It has been suggested
that the magnitude of this stress difference can be as low as 2-
3 MPa, (Warpinski et. al. (1981)). Research projects by Esso
Resources Canada Limited also suggest that stress contrasts can indeed
provide containment for hydraulic fractures.

Operationally, the presence of a few MegaPascal stress
contrast between formations is a necessary but not sufficient
condition for hydraulic fracture containment. There is typically
enough hydraulic power on location during frac treatments to
easily overcome a 2-3 MPa stress barrier.
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One way to optimize fracturing treatments by maximizing produc-
tive fracture area for the volume of fluid pumped is to ensure that
hydraulic fractures are effectively contained within the formation being
treated. This requires that accurate determinations be made of the
minimum in situ stresses acting in the producing formation and in poten-
tial barriers and when feasible, to 1imit the bottomhole treating pressure
to those values.

Errors in estimating the minimum stresses in either the
producing formation or the potential barriers could easily result
in overpressurization of the fracture and undesirable vertical
fracture extension or an inefficient fracturing treatment.

Determination of the Instantaneous Shut In Pressure.

There is no consensus amongst investigators as to how the instan-
taneous shut in pressure should be determined so that it provides a
reliable estimate of the in situ stress. Hence its determination is
somewhat more subjective than is desirable for applications which
require accurate values of the minimum in situ stress.

Experience reported in this paper suggests that for stress deter-
minations by low flow rate hydraulic fracturing (<50 1 min~?') the
instantaneous shut in pressure should be equated with the pressure at
the inflection point in the pressure-time record after shut in.

Data was obtained by hydraulically fracturing a 38.10 cm x 38.10 cm
x 38.10 cm cube of Charcoal Gray Granite, loaded in bi-axial compression.
Stresses were applied using pairs of thin, stainless steel flatjacks.
Flatjack pressure was kept constant during each test. Before testing,
the specimen was placed in a precisely machined mold and cast in Hydro-
stone to ensure that opposite and adjacent faces of the cube were
parallel and perpendicular to each other, respectively.

Specimen geometry is shown in Figure 1. A vertical borehole,
2.54 cm in diameter, was drilled through the center of the cube and
sealed by cementing steel plugs in the top and bottom of the hole with
structural epoxy. The interval was pressurized through the top plug.
Prior to testing a fracture was propagated from the center hole into two
fracture arrest holes located near the edges of the specimen. This was
done so that multiple runs could be made on a single block. The inter-
nal stress distribution in the specimen containing the fracture arrest
holes was modelled using the Displacement-Discontinuity Method. It was
found that the fracture arrest holes had no significant influence on
the stress distribution in the specimen at distances less than approxi-
mately 2.5 borehole diameters.



Two pressure-time records from these tests are shown in Figure 2.
A simple graphical technique was used to determine the inflection point
and hence the instantaneous shut in pressure. The construction consists
of drawing a tangent Tine to the pressure-time record immediately after
shut in. The pressure at which the pressure-time record departs from
the tangent Tine was defined as the instantaneous shut in pressure.

The tangent Tines used to determine the instantaneous shut in
pressures, along with the stress which was applied perpendicular to the
fracture plane are shown in this figure. Tangent lines t,, correspond
to the initial portion of the post shut in pressure-time record. Tangent
lines t,, corresponds to the slope of the pressure-time record imme-
diately following the deviation of the pressure-time record from tangent
lines t;. The intersection of the two tangents is the instantaneous
shut in pressure. The determination of a unique instantaneous shut in
pressure by methods other than the identification of the inflection
point is difficult, if not impossible.

Figure 3 is a plot of the minimum stress determined from the instan-
taneous shut in pressure vs. the applied minimum stress. Tests were
performed with applied minimum stresses ranging from 1.7 MPa to 12.1 MPa.
The ratios of the maximum to minimum applied stresses ranged from 1.0 to
6.0. As can be seen from this figure, instantaneous shut in pressures,
when defined as above, correspond quite well to the values of the applied
minimum stress. The deviation of the instantaneous s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>